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Abstract
—J. BLUNDEN, T. BOYER, AND E. BARTOW-GILLIES

Earth’s global climate system is vast, complex, and intri-
cately interrelated. Many areas are influenced by global-scale
phenomena, including the “triple dip” La Nifa conditions that
prevailed in the eastern Pacific Ocean nearly continuously from
mid-2020 through all of 2022; by regional phenomena such as
the positive winter and summer North Atlantic Oscillation that
impacted weather in parts the Northern Hemisphere and the
negative Indian Ocean dipole that impacted weather in parts
of the Southern Hemisphere; and by more localized systems
such as high-pressure heat domes that caused extreme heat
in different areas of the world. Underlying all these natural
short-term variabilities are long-term climate trends due to
continuous increases since the beginning of the Industrial
Revolution in the atmospheric concentrations of Earth’s major
greenhouse gases.

In 2022, the annual global average carbon dioxide concen-
tration in the atmosphere rose to 417.1+0.1 ppm, which is 50%
greater than the pre-industrial level. Global mean tropospheric
methane abundance was 165% higher than its pre-industrial
level, and nitrous oxide was 24% higher. All three gases set
new record-high atmospheric concentration levels in 2022.

Sea-surface temperature patterns in the tropical Pacific
characteristic of La Nifa and attendant atmospheric patterns
tend to mitigate atmospheric heat gain at the global scale, but
the annual global surface temperature across land and oceans
was still among the six highest in records dating as far back
as the mid-1800s. It was the warmest La Nifia year on record.
Many areas observed record or near-record heat. Europe as
a whole observed its second-warmest year on record, with
sixteen individual countries observing record warmth at the
national scale. Records were shattered across the continent
during the summer months as heatwaves plagued the region.
On 18 July, 104 stations in France broke their all-time records.
One day later, England recorded a temperature of 40°C for the
first time ever. China experienced its second-warmest year and
warmest summer on record. In the Southern Hemisphere, the
average temperature across New Zealand reached a record
high for the second year in a row. While Australia’s annual tem-
perature was slightly below the 1991-2020 average, Onslow
Airport in Western Australia reached 50.7°C on 13 January,
equaling Australia's highest temperature on record.

While fewer in number and locations than record-high
temperatures, record cold was also observed during the year.
Southern Africa had its coldest August on record, with minimum
temperatures as much as 5°C below normal over Angola,
western Zambia, and northern Namibia. Cold outbreaks in the
first half of December led to many record-low daily minimum
temperature records in eastern Australia.
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The effects of rising temperatures and extreme heat were
apparent across the Northern Hemisphere, where snow-cover
extent by June 2022 was the third smallest in the 56-year
record, and the seasonal duration of lake ice cover was the
fourth shortest since 1980. More frequent and intense heat-
waves contributed to the second-greatest average mass
balance loss for Alpine glaciers around the world since the
start of the record in 1970. Glaciers in the Swiss Alps lost a
record 6% of their volume. In South America, the combination
of drought and heat left many central Andean glaciers snow
free by mid-summer in early 2022; glacial ice has a much
lower albedo than snow, leading to accelerated heating of the
glacier. Across the global cryosphere, permafrost temperatures
continued to reach record highs at many high-latitude and
mountain locations.

In the high northern latitudes, the annual surface-air
temperature across the Arctic was the fifth highest in the
123-year record. The seasonal Arctic minimum sea-ice extent,
typically reached in September, was the 11th-smallest in the
43-year record; however, the amount of multiyear ice—ice
that survives at least one summer melt season—remaining in
the Arctic continued to decline. Since 2012, the Arctic has been
nearly devoid of ice more than four years old.

In Antarctica, an unusually large amount of snow and ice
fell over the continent in 2022 due to several landfalling atmo-
spheric rivers, which contributed to the highest annual surface
mass balance, 15% to 16% above the 1991-2020 normal, since
the start of two reanalyses records dating to 1980. It was the
second-warmest year on record for all five of the long-term
staffed weather stations on the Antarctic Peninsula. In East
Antarctica, a heatwave event led to a new all-time record-high
temperature of —9.4°C—44°C above the March average—on
18 March at Dome C. This was followed by the collapse of
the critically unstable Conger Ice Shelf. More than 100 daily
low sea-ice extent and sea-ice area records were set in 2022,
including two new all-time annual record lows in net sea-ice
extent and area in February.

Across the world's oceans, global mean sea level was record
high for the 11th consecutive year, reaching 101.2 mm above
the 1993 average when satellite altimetry measurements
began, an increase of 3.3+0.7 over 2021. Globally-averaged
ocean heat content was also record high in 2022, while the
global sea-surface temperature was the sixth highest on
record, equal with 2018. Approximately 58% of the ocean
surface experienced at least one marine heatwave in 2022. In
the Bay of Plenty, New Zealand's longest continuous marine
heatwave was recorded.

A total of 85 named tropical storms were observed during
the Northern and Southern Hemisphere storm seasons, close
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to the 1991-2020 average of 87. There were three Category
5 tropical cyclones across the globe —two in the western North
Pacific and one in the North Atlantic. This was the fewest
Category 5 storms globally since 2017. Globally, the accumu-
lated cyclone energy was the lowest since reliable records
began in 1981. Regardless, some storms caused massive
damage. In the North Atlantic, Hurricane Fiona became the
most intense and most destructive tropical or post-tropical
cyclone in Atlantic Canada’s history, while major Hurricane lan
killed more than 100 people and became the third costliest
disaster in the United States, causing damage estimated at
$113 billion U.S. dollars. In the South Indian Ocean, Tropical
Cyclone Batsirai dropped 2044 mm of rain at Commerson
Crater in Réunion. The storm also impacted Madagascar,
where 121 fatalities were reported.

As is typical, some areas around the world were notably
dry in 2022 and some were notably wet. In August, record
high areas of land across the globe (6.2%) were experiencing
extreme drought. Overall, 29% of land experienced moderate
or worse categories of drought during the year. The largest
drought footprint in the contiguous United States since 2012
(63%) was observed in late October. The record-breaking
megadrought of central Chile continued in its 13th consecutive
year, and 80-year record-low river levels in northern Argentina
and Paraguay disrupted fluvial transport. In China, the Yangtze
River reached record-low values. Much of equatorial eastern
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Africa had five consecutive below-normal rainy seasons by the
end of 2022, with some areas receiving record-low precipita-
tion totals for the year. This ongoing 2.5-year drought is the
most extensive and persistent drought event in decades, and
led to crop failure, millions of livestock deaths, water scarcity,
and inflated prices for staple food items.

In South Asia, Pakistan received around three times its
normal volume of monsoon precipitation in August, with some
regions receiving up to eight times their expected monthly
totals. Resulting floods affected over 30 million people, caused
over 1700 fatalities, led to major crop and property losses, and
was recorded as one of the world's costliest natural disasters
of all time. Near Rio de Janeiro, Brazil, Petrdpolis received
530 mm in 24 hours on 15 February, about 2.5 times the
monthly February average, leading to the worst disaster in the
city since 1931 with over 230 fatalities.

On 14-15 January, the Hunga Tonga-Hunga Ha'apai sub-
marine volcano in the South Pacific erupted multiple times.
The injection of water into the atmosphere was unprece-
dented in both magnitude —far exceeding any previous values
in the 17-year satellite record—and altitude as it penetrated
into the mesosphere. The amount of water injected into the
stratosphere is estimated to be 1465 Terragrams, or ~10% of
the total amount in the stratosphere. It may take several years
for the water plume to dissipate, and it is currently unknown
whether this eruption will have any long-term climate effect.
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1. INTRODUCTION

T. Boyer, E. Bartow-Gillies, J. Blunden, and R. J. H. Dunn

The year 2022 was marked by unusual (though not unprecedented) disruptions in the
climate system. The first was the third successive year of below-average temperatures in the
tropical Pacific. A “triple-dip” La Nifia nearly continuous from August 2020 through the end of
2022 marked the first such occurrence in the twenty-first century. Note that the triple-dip La Nifa
should not be confused with the double-dip La Nifia described in the State of the Climate 2021,
as the double-dip referred to the short interruption between two La Nifia events in 2021 which
was the only break in the triple-dip period. Descriptions of the large-scale characteristics
of the triple-dip La Nifia are found in Chapters 2 (Global Climate) and 3 (Global Ocean). The
El Nino-Southern Oscillation phenomena, of which the triple-dip La Nifia is an anomalous
manifestation, has major short-term influence on the climate system. The specific details of the
effects of the triple-dip La Nifia on other aspects of the climate system are found throughout
the report. A perspective of the triple-dip La Nifla and its implications for long-term climate are
discussed in a sidebar of Chapter 3.

The second unusual event was the extraordinary amount of precipitation over Antarctica
in 2022, which led to a record-high annual surface mass balance (since 1980) and the first net
positive annual ice-sheet mass balance on the continent since satellite measurements began
in 1993. The heavy precipitation was closely tied to an unusually high number of atmospheric
rivers over the continent, which carry moisture over Antarctica that mainly falls as snow. March
precipitation totals in the Wilkes and Adelie regions were particularly high, estimated to exceed
300% of the 1991-2020 climatological mean. While an increase in ice-sheet mass in Antarctica
has positive implications for global continental water storage and hence lessening sea-level
increase, atmospheric rivers also have a large impact on surface melt and ice-sheet stability.
Surface melt in turn has an impact on ‘firn’, the underlying layer of recrystallized snow from
previous years. Firn density is an important factor in determining how surface melt water flows
on and within ice shelves, which can reduce glacial stability and lead to their breakup and
collapse. There was also record-low sea ice surrounding Antarctica in 2022, and on the eastern
Antarctic Peninsula which allowed large swells to reach the coast and caused a breakout of
fast ice that contributed to an acceleration of upstream glaciers. The complex interactions of
climate factors on the Antarctic continent are discussed in Chapter 6, with particulars in the two
sidebars: 1) The Antarctic heatwave of March 2022 and 2) Larsen-B fast ice breakout and glacier
response.

A third event in 2022 was the eruption of the Hunga Tonga-Hunga Ha’apai underwater
volcano (HTHH) in January. This eruption propelled immense amounts of water vapor (50 Tg to
150 Tg, upwards of 10% of the total stratospheric water vapor burden) and other gases into the
stratosphere, with a plume higher than any previous eruption in the satellite era. Implications of
the eruption, detailed in a sidebar and elsewhere in Chapter 2, include increased stratospheric
aerosols and observations of cool stratospheric temperatures outside normal ranges with corre-
spondingly anomalous winds. Long-term effects on tropospheric temperatures and the Antarctic
ozone hole remain to be seen. The HTHH eruption also had an effect on our ability to make
observations. For example, as detailed in Chapter 3, the calculation of ocean carbon biomass
from satellite measurements has been greatly affected by the amount of sulfate aerosols injected
by the HTHH eruption.
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Another instance of volcanic activity, though not of the scale of HTHH, but with significant
effects on the climate observing system, was the eruption of Mauna Loa in late November 2022.
This eruption and subsequent lava flow shut down access and power to the NOAA Mauna Loa
Observatory (featured on the cover of Chapter 8, Datasets), interrupting one of the longest time
series for a variety of atmospheric variables, including atmospheric carbon dioxide (CO,) levels.
After a 10-day interruption, NOAA’s CO, measurements were transferred to the University of
Hawaii’s Maunakea Observatories. The Mauna Loa CO, time series is an invaluable monitor of
the changes in our climate system (as detailed in Chapter 2). This serves as a reminder of the
importance of long-term continuous time series in our understanding of Earth’s climate system
and the importance of continuing such time series.

All the above singular events, along with the status of essential climate variables (ECVs) and
their implications for Earth’s climate system are detailed in the State of the Climate 2022 due
to the persistent dedication of the chapter editors and section authors—this year 576 authors
from 66 different countries, including Andorra and Namibia for the first time. A distillation of
the state of the climate for 2022 in the context of long-term trends and variability of selected
essential climate variables is found in the 36 panels of Plate 1.1. The State of the Climate report
continues to advance toward a more comprehensive survey of essential climate variables (ECVs).
A new section on lightning (Chapter 2, Global Climate) documents global distributions in this
ECV. A new section on Arctic Precipitation (Chapter 5, the Arctic) adds regional insight into the
precipitation ECV.

The layout of this Supplement is similar to previous years. Following this introduction (Chapter
1), Chapter 2 catalogs global climate, Chapter 3 the oceans, Chapter 4 the tropics, Chapters 5 and
6 the high latitudes (Arctic and Antarctic, respectively), and Chapter 7 other specific regions
of the globe (North America, Central America/Caribbean, South America, Africa, Europe, Asia,
and Oceania). Finally, Chapter 8 is a listing of many (though not all) datasets used in the various
sections of the State of the Climate in 2022 and a link to dataset access and further information.
Datasets are listed by chapter. Most of the datasets are readily downloadable by the reader who
would like to reproduce the results found in the State of the Climate report or investigate further.
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GLOBAL AVERAGE TEMPERATURE
The Jan-Dec 2022 average global surface temperature was among the sixth highest since global records began in the mid- to late-1800s.

ARCTIC SEA ICE EXTENT
During its melt season, Arctic sea ice shrank to its 11th-smallest
minimum extent in the 44-year record.

EUROPE
Europe had its second-highest yearly temperature on record.
ALASKA £ Warm and dry conditions during summer exacerbated drought
Boreal summer brought the most conditions and fueled severe wildfires.

extensive wildfire season on record
to southwest Alaska.
\0 ATLANTIC HURRICANE CHINA

SEASON From mid-Jun to Aug, a 79-day
Near-average activity: PAKISTAN heatwave hit east-central China E\ECSI-II;IE(? ¥YBIITJOI-I’2)TCI;IN
CONTIGUOUS U.S. 14 storms, including Record-breaking rain fell _anghb_ecar_ne tl'%angest heatwave  cP ro oK
Dry and warm conditions contributed Sank Mg res: during Jul and Aug, causing 11 A SICETERE Below-average activity:
o e West\o HURRICANE FIONA devastating floods that 22 storms, including 12
: f f In Sep, Fiona affected the Caribbean. affected over 30 million typhoons.
during Northern Hemisphere spring ; 5 people )
through fall. [t made landfall in Nova Scotia as the -
strongest and costliest post-tropical () WESTERN PACIFIC TYPHOONS
cyclone on record for Canada. Typhoon Hinnamnor, which hit South
Korea, and Typhoon Noru, which moved
the northern Philippi dint
NORTH INDIAN OCEAN Vietnam and Laos, brought heavy ainfal
CYCLONE SEAS_QN destructive flooding and strong gusts to
EASTERN NORTH I AL ERICANE IANJE _ Below-average activity: seven the region in Sep.
PACIFIC HURRICANE .:\fter k';'ioclklﬂngITF Cl-lbaﬁ power grid, WEST AFRICA storms, including one cyclone.
SEASON an made [andfall in southwestern Heavy rain events throughout
Near-average activity: Florida just shy of Category 5 strength boreal summer led to widespread g‘\:’)gnglg glé;l\éggEAN
19 storms, including 10 causing regord heavy rain and and devastating flooding. et et e
Rurricance catastrophic storm surges across k. 4 R
: parts of Florida. F'"e 3 °|""5' aleliteliale)
GLOBAL CYCLONE ACTIVITY M
85 named storms, including 40 AUSTRALIAN CYCLONE SEASON
hurricanes/cyclonesftyphoons. MADAGASCAR Near-normal activity: 12 named storms,
Only three storms reached Major cyclones Batsirai and Emnati, as including four cyclones.
MO, Category 5 strength, the fewest well as Tropical Storm Dumako made
SOUTHERN SOUTH AMERICA g|0b§||y‘2ince 20‘1:'7 landfall in Madagascar in Feb-the first
An intense heatwave affected parts of : f i
i s 7 time since Jan 1988 that three storms
the region in Jan, resulting in multiple S/ made landfall in Madagascar in a single SOUTHWEST PACIFIC
temperature records. HEm CYCLONE SEASON
Dy b ’ Below-average activity: seven
Mo ¢ ANTARCTIC SEA ICE EXTENT storms, including two cyclones.

The Antarctic had its fourth-smallest annual maximum
and its smallest minimum annual extents on record.

Fig. 1.1. Geographical distribution of selected notable climate anomalies and events in 2022.

Plate 1.1. (Next page) Global (or representative) average time series for essential climate variables through 2019.
Anomalies are shown relative to the base period in parentheses although base periods used in other sections of the
report may differ. The numbers in the parentheses in the lower left or right side of each panel indicate how many in
situ (red), reanalysis (blue), and satellite (orange) datasets are used to create each time series in that order. (a) NH polar
stratospheric ozone (Mar); (b) SH polar stratospheric ozone (Oct); (c) surface temperature; (d) night marine air tempera-
ture; (e) lower-tropospheric temperature; (f) lower-stratospheric temperature; (g) extremes (warm days [solid] and cool
days [dotted]); (h) Arctic sea-ice extent (max [solid]) and min [dotted]); (i) Antarctic sea-ice extent (max [solid] and min
[dotted]); (j) glacier cumulative mean specific balance; (k) NH snow-cover extent; (I) NH lake ice duration; (m) Mauna
Loa apparent transmission; (n) lower-stratospheric water vapor; (o) cloud area fraction; (p) total column water vapor
- land; (q) total column water vapor - ocean; (r) upper-tropospheric humidity; (s) specific humidity — land; (t) specific
humidity - ocean; (u) relative humidity - land; (v) relative humidity - ocean; (v) precipitation - land; (x) precipitation
- ocean; (y) ocean heat content (0 m-700 m); (z) sea-level rise; (aa) tropospheric ozone; (ab) tropospheric wind speed
at 850 hPa; (ac) land wind speed; (ad) ocean wind speed; (ae) biomass burning; (ae) global land evaporation; (af) soil
moisture; (ag) terrestrial groundwater storage; (ah) fraction of absorbed photosynthetically active radiation (FAPARY); (ai)
land surface albedo - visible (solid) and infrared (dotted).
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Essential Climate Variables
—T. BOYER, E. BARTOW-GILLIES, J. BLUNDEN, AND R.H. DUNN

The following variables are considered fully monitored in
this report, in that there are sufficient spatial and temporal
data, with peer-reviewed documentation to characterize them
on a global scale:

Surface atmosphere: air pressure, precipitation, tem-
perature, water vapor, wind speed and direction

Upper atmosphere: Earth radiation budget, tempera-
ture, water vapor, wind speed and direction, lightning
Atmospheric composition: carbon dioxide, methane and
other greenhouse gases, ozone

Ocean physics: ocean surface heat flux, sea ice, sea
level, surface salinity, sea-surface temperature, subsur-
face salinity, subsurface temperature, surface currents,
surface stress

Ocean biogeochemistry: ocean color

Ocean biogeosystems: plankton

Land: albedo, river discharge, snow

The following variables are considered partially monitored,
in that there is systematic, rigorous measurement found in this
report, but some coverage of the variable in time and space is

SEPTEMBER 2023 | State of the Climate in 2022
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lacking due to observing limitations or availability of data or
authors:

Atmospheric composition: aerosols properties, cloud
properties, precursors of aerosol and ozone

Ocean physics: subsurface currents

Ocean biogeochemistry: inorganic carbon

Land:  above-ground  biomass,  anthropogenic
greenhouse gas fluxes, fire, fraction of absorbed photo-
synthetically active radiation, glaciers, groundwater, ice
sheets and ice shelves, lakes, permafrost, soil moisture
Surface atmosphere: surface radiation budget

The following variables are not yet covered in this report, or
are outside the scope of it.

Ocean physics: sea state

Ocean biogeochemistry: nitrous oxide,
oxygen, transient tracers

Ocean biogeosystems: marine habitat properties

Land: anthropogenic water use, land cover, land surface
temperature, latent and sensible heat fluxes, leaf area
index, soil carbon

nutrients,
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2. GLOBAL CLIMATE

R.J.H. Dunn, J. B Miller, K. M. Willett, and N. Gobron, Eds.

a. Overview

—R. J. H. Dunn, J. B Miller, K. M. Willett, and N. Gobron

Throughout 2022, the “triple-dip” La Nina (three consecutive years) showed its hand in a
large number of the essential climate variables and metrics that are covered in this chapter.
La Nifia conditions tend to have a cooling effect on global temperatures in comparison to neutral
or El Nino years and impact precipitation patterns around the globe. Upper-level wind patterns
at 200 hPa across the globe for 202022 showed a striking similarity with the last triple-dip
La Nifna that occurred in 1998-2000.

Yet, despite the cooling effect of the ongoing La Nifna, 2022 was still among the six warmest
years since global records began in the mid-to-late 1880s, according to six datasets of global
surface temperatures. It was also the warmest La Nifia year on record, surpassing 2021.

Exceptional heatwaves occurred across the globe in 2022, boosted by above-average tempera-
tures that continue their relentless long-term rise. In Europe, the “unweather”—an Old English
term for weather so severe that it appears to come from a different climate or world—shattered
records across the continent during the summer months, while rivers and reservoirs fell to criti-
cally low levels. Meanwhile China experienced its hottest summer on record and at Wuhan, the
Yangtze River reached record-low values.

The extreme high summer temperatures over Europe resulted in unprecedented melting of
glaciers in the Alps, with over 6% of their volume lost in Switzerland this year alone, a record
loss. Globally, 2022 was the 35th consecutive year of glacier mass loss and the 14th consecutive
year of exceptional loss (more than 500 mm water equivalent). Ice cover on lakes was almost
nine days shorter than average, the fourth shortest since 1980; the five shortest ice seasons have
all occurred since 2016. The average temperature anomaly for more than 1950 lakes across the
Northern Hemisphere was the second highest since the beginning of the record in 1995.

Drought conditions were pervasive, occurring across Europe (linked to the extreme summer
temperatures), as well as the American West, China, and most of Southern Hemisphere South
America. Globally, record-high areas of land experiencing extreme drought (6.2%) were reached
in August 2022; overall, 29% of land experienced moderate or worse categories of drought. Low
values of terrestrial water storage also occurred in Europe and parts of China (linked to the
heatwaves), but La Nifia influenced high values in southeastern Australia. Extreme rainfall was
observed in southeastern and eastern Australia as well as in Pakistan, which received around
three times its normal August monsoon rainfall. However, precipitation amounts for the globe
as a whole and over the ocean was much lower than normal, but close to normal over land.
Total column water vapor and surface humidity were close to normal over the ocean. Despite
‘normal’ rainfall amounts over land and lower terrestrial water storage, 2022 saw continued
above-average soil moisture values, which are approaching the level of the previous global
record in 2011. Lake water levels were higher than normal overall, but cloudiness was below
normal. Overall, 2022 was a mixed year for the hydrological variables presented in this chapter.

In addition to the ongoing La Nifa, other climate modes of variability in 2022 included a
negative Indian Ocean dipole, a positive winter North Atlantic Oscillation (NAO), and the second
highest summer NAO on record. The Southern Annular Mode was positive for a record-equaling
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76% of days in 2022; it was the sixth time 60% of days has been exceeded since 2015, compared
to only 10 years between 1979 and 2014 where high positive rates of >60% of days occurred.

The most significant long-term changes in atmospheric composition continue to be record
levels of long-lived greenhouse gases (LLGHGs). Globally averaged carbon dioxide, methane,
and nitrous oxide levels in 2022 continued to increase rapidly by 2.2 ppm, 14.4 ppb, and
1.3 ppb to 417.1 ppm, 1911.8 ppb, and 335.7 ppb, respectively. Collectively, all LLGHGs contributed
3.4 W m= of all radiative forcing, with the main three LLGHGs accounting for 98% of the increase
in the last five years. As measured by equivalent effective stratospheric chlorine, the gases
that destroy stratospheric ozone continue to decline nearly linearly. Since the 2018 discovery
of post-2011 renewed trichlorofluoromethane (CFC-11) emissions, in violation of the Montreal
Protocol, illegal emissions have mostly disappeared.

Considering short-lived atmospheric components, global mean aerosol optical depth in
2022 was the lowest on record, as was carbon monoxide, reflecting fewer fires in 2022 on top of a
long-term decreasing trend likely reflecting global improvements in fossil fuel combustion effi-
ciency. Tropospheric ozone has continued to trend upwards with an 8% increase since 2004. The
most remarkable impact on short-lived species in 2022 resulted from the Hunga Tonga—Hunga
Ha‘apai underwater volcanic eruption (HTHH) in January 2022, discussed in Sidebar 2.2.
Stratospheric aerosols registered their largest perturbation since the Mt. Pinatubo eruption of
1991. The HTHH eruption injected ~50 Tg-150 Tg of water vapor into the stratosphere, an amount
unprecedented in the satellite record which represents more than 10% of the entire stratospheric
water vapor burden, an anomaly that will persist for several years.

Low amounts of early summer snow cover in the Northern Hemisphere, along with increased
plant growth and associated greening resulting from La Nifia-induced rainfall decreased the
global albedo in 2022. Carbon emissions from biomass burning during 2022 were 22% below the
long-term average, making it the lowest fire year on record. However, considerable fire activity
was still observed in boreal North America, parts of Europe, and central South America.

This year, a new measure of humid heat events is introduced in Sidebar 2.1, using equiva-
lent heat indices based on the wet bulb temperature rather than air temperature. Humid heat
extremes have increased in both magnitude and frequency since 1973, and 2022 was above
average for both.

Time series and anomaly maps for 2022 from many of the variables described in this chapter
can be found in Plates 1.1 (Chapter 1) and 2.1. Most sections now use the 1991-2020 climatological
reference period, in line with World Meteorological Organization recommendations. This was
not possible for all datasets depending on their length of record or legacy processing methods at
the time of writing and is noted accordingly.

Finally, already looking towards the next reports, we welcome expressions of interest from
those who wish to propose new sections for this chapter or wish to bring their expertise to
existing author teams.
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(a) Surface Temperature (b) Lake Temperature
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(c) Night Marine Air Temperature
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(g) Surface Specific Humidity

Plate 2.1. (a) NOAA NCEI Global land and ocean surface
annual temperature anomalies (°C); (b) Satellite-derived
lake surface water temperature anomalies, from ESA CCI
LAKES/Copernicus €3S (°C); (c) CLASSnmat night marine air
temperature annual average anomalies (°C); (d) ERA5 warm
day threshold exceedance (TX90p); (e) ERA5 cool night
threshold exceedance (TN10p); (f) Average of RSS and UAH
lower-tropospheric temperature anomalies (°C). Hatching
-5 -1 =05 -025 0 025 05 1 13 denotes regions in which 2022 was the warmest year on

Anomalies from 1991-2020 {g k™) record; (g) ERAS surface specific humidity anomalies (g kg');
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(h) Surface Relative Humidity (i) Total Column Water Vapor

-8 -6 -4 -2 0 2 4 6 8 -5 -10 -5 -25 0 25 5 10 15
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(j) Upper Tropospheric Humidity (k) Precipitation
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(n) Lake Water Level

Plate 2.1 (cont.) (h) ERAS surface relative humidity anomalies
(%rh); (i) ERA5 TCWV anomalies (%). Data from GNSS stations
are plotted as filled circles; (j) Annual microwave-based UTH
anomalies (%rh); (k) GPCP v2.3 annual mean precipitation
anomalies (mm yr-"); (I) CHIRPS maximum 1-day (Rx1day)
annual precipitation anomalies (mm); (m) PATMOS-x 6.0
cloud fraction annual anomalies (%); (n) G_REALM lake
water level anomalies. Triangles pointing upward indicate

2 -5 1 05 0 05 1 15 2 positive anomalies, and triangles pointing down indicate
Anomalies from 1993-2001 (m) negative anomalies;
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(o) Terrestrial Water Storage (p) Soil Moisture
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Difference between 2022 and 2021 Equivalent Depth of Water (cm) Anomalies from 1991-2020 (m* m)
(q) Drought (r) Land Evaporation
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(s) Sea Level Pressure (t) Surface Winds
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Anomalies from 1991-2020 (hPa) Anomalies from 1991-2020 (m s™)

(u) Upper Air (850-hPa) Eastward Winds

Plate 2.1 (cont.) (0) GRACE and GRACE-FO difference in
annual-mean terrestrial water storage between 2020 and
2021 (cm); (p) C3S average surface soil moisture anomalies
(m3 m-3). Data are masked where no retrieval is possible or
where the quality is not assured and flagged, for example
due to dense vegetation, frozen soil, or radio frequency
interference; (q) Mean scPDSI for 2021. Droughts are indi-
cated by negative values (brown), wet episodes by positive
values (green); (r) GLEAM land evaporation anomalies (mm
yr'); (s) ERA5 mean sea-level pressure anomalies (hPa);
(t) Surface wind speed anomalies (m s-') from the observa-
tional HadISD3 dataset (land, circles), the ERA5 reanalysis
output (land, shaded areas), and RSS satellite observations
-4 -2 -1 -05 0 05 1 2 4 (ocean, shaded areas); (u) ERA5 850-hPa eastward wind
Anomalies from 1991-2020 (m s™") speed anomalies (m s™);
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(v) Total Aerosol (w) AOD Percentage Anomaly
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(ab) Land Surface Albedo in the Visible

Plate 2.1 (cont.) (v) Total aerosol optical depth (AOD) anom-
alies at 550 nm; (w) Percent difference of total AOD at 550
nm in 2022 relative to 2003-21; (x) Number of days with
AOD above the 99.9th percentile. Areas with zero days
appear as the white/gray background; (y) TROPOMI aboard
Sentinel-5 Precursor (S5P) measurements of total column
ozone anomalies relative to the 1998-2008 mean from GSG

—— : merged dataset (DU); (z) OMI /MLS tropospheric ozone
[ I I I | column anomalies for 60°S-60°N (DU); (aa) CAMS reanalysis

=20 -5 -10 -5 0 5 10 15 20 total column CO anomalies (x 10'® molecules cm-2); (ab) Land
Anomalies from 2003-20 (%) surface visible broadband albedo anomalies (%);
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(ac) Land Surface Albedo in the Near-Infrared (ad) Fraction of Absorbed Photosynthetically Active Radiation

[ I
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Plate 2.1 (cont.) (ac) Land surface near-infrared albedo anomalies (%); (ad) FAPAR anomalies; (ae)
GFASv1.4 carbonaceous emission anomalies (g C m=2 yr') from biomass burning; (af) VODCA
Ku-band VOD anomalies; (ag) HadISDH extremes daily maximum wet bulb temperature 90th per-
centile exceedances (days yr-'); (ah) HadISDH.extremes annual mean anomaly in daily maximum wet
bulb of the month (°C).
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b. Temperature
1. GLOBAL SURFACE TEMPERATURE

—A. Sanchez-Lugo, C. Morice, J. P. Nicolas, A. Arguez, F. Sezaki, A. Goto, and W. Rocha
The year 2022 secured its place as one of the 10 warmest years since global records began (in
the mid-1800s to mid-1900s, with the length of record depending on the dataset), with a global
surface temperature between 0.25° and 0.30°C above the 1991-2020 average, according to six
global temperature datasets (Table 2.1). Depending on the dataset, 2022 was either the

fifth-warmest (equal with 2015 in some
datasets) or sixth-warmest year on record.
Despite these minor differences in anomalies
and ranks between datasets, all six datasets
agree that the last eight years (2015-22) were
the eight warmest years on record (Fig. 2.1),
and the global trends at the short- (1980-2022)
and long-term (1880-2022) periods for each
dataset are consistent with each other. The
annual global average surface temperature
has increased at an average rate of 0.08°C
decade™ to 0.09°C decade™ since 1880 and at
arate more than twice that since 1980 (0.19°C
decade™ to 0.20°C decade™). The datasets
consist of four global in situ surface tempera-
ture analyses (NASA GISS Surface
Temperature Analysis version 4
[NASA-GISSTEMP v4], Lenssen et al. 2019;
Hadley Centre/Climatic Research Unit
Temperature version 5 [HadCRUT5], Morice
et al. 2021; NOAA Merged Land Ocean Global
Surface Temperature Analysis version 5.1.0
[NOAAGlobalTemp v5.1.0], Vose et al. 2021;
Berkeley Earth, Rhode and Hausfather 2020)
and two global atmospheric reanalyses
(European Centre for Medium-Range Weather
Forecasts Reanalysis version 5 [ERA5],
Hersbach et al. 2020, Bell et al. 2021; Japanese
55-year Reanalysis [JRA-55], Kobayashi et al.
2015).

Even though 2022 ranked as one of the
six warmest years on record, the presence of

0.5

Anomaly (°C)
S
(6]

_(a) Land and Ocean

—— NASA/GISS

=== NOAAGlobalTemp &= HadCRUT5
— ERA5

(b) Land only
[~ = NOAAGIobalTemp
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Fig. 2.1. Global average surface air temperature anoma-
lies (°C; 1991-2020 base period) for (a) land and ocean,
(b) land only, and (c) ocean only. In situ estimates are shown
from the datasets NOAAGlobalTemp (Vose et al. 2021),
NASA-GISS (Lenssen et al. 2019), HadCRUT5 (Morice et al.
2021), CRUTEM5 (Osborn et al. 2021), HadSST4 (Kennedy
et al. 2019), and Berkeley (Rhode and Hausfather 2020).
The 95% confidence ranges are also shown for HadCRUTS5,
CRUTEMS, and HadSST4. Reanalyses estimates are shown
from the datasets ERA5 (Hersbach et al. 2020) and JRA-55
(Kobayashi et al. 2015).

Table 2.1. Temperature anomalies (°C; 1991-2020 base period) for 2022. Note that for the HadCRUT5
column, land values were computed using the CRUTEM.5.0.1.0 dataset (Osborn et al. 2021), ocean val-
ues were computed using the HadSST.4.0.1.0 dataset (Kennedy et al. 2019), and global land and ocean
values used the HadCRUT.5.0.1.0 dataset (Morice et al. 2021).

Global NASA-GISS HadCRUT5 NOAA GlobalTemp Berkeley Earth ERAS JRA-55
Land +0.40 +0.30 +0.49 +0.34 +0.41 +0.34
Ocean +0.19 +0.23 +0.19 - +0.26 +0.22
Ll el +0.28 +0.26 +0.28 +0.27 +0.30 +0.25
Ocean
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0.5

La Nifia—the cool phase of the El Nifio—Southern Oscillation (ENSO)—in the Pacific Ocean had
a dampening effect on the global temperatures, in comparison to years characterized by El Nifio
or ENSO-neutral conditions. The year began with La Nifia conditions, which first developed in
August 2020 and persisted throughout most of 2021 and all of 2022 (see section 4b for details).
2022 was also the warmest La Nifia year on record, surpassing the previous record set in 2021.

While it is common, and arguably expected, for each newly completed year to rank as a top
10 warmest year (see Arguez et al. 2020), the global annual temperature for 2022 was lower than
we would expect due to the secular warming trend alone, with trend-adjusted anomalies regis-
tering between the 20th and 40th percentiles (depending on the dataset) following the Arguez
et al. (2020) approach. Trend-adjusted anomalies for 2022 are consistent with the typical slight
cooling influence of La Nifia and similar to the trend-adjusted anomalies recorded over the rel-
atively cool years from 2011 to 2014, as well as 2021, years that also predominantly exhibited
cooler-than-normal ENSO index values.

Above-normal temperatures were observed across much of the world’s land and ocean
surfaces during 2022 (Plate 2.1a; Appendix Figs. A2.1-A2.4). Notably, record-high annual tem-
peratures were present across Europe, northern Africa, and parts of the Middle East, central Asia,
and China, as well as the northern and southwestern Pacific, Atlantic, and Southern Oceans.
Below-normal annual temperatures were present across parts of northern North America, South
America, Africa, Australia, and the southeastern, central, and eastern tropical Pacific Ocean.
The global land-only surface temperature was 0.30°C-0.49°C above normal, the fifth to seventh
highest on record, depending on the dataset. The annual global sea-surface temperature was
also fifth or sixth highest on record, at 0.19°C—-0.26°C above normal.

2. LAKE SURFACE WATER TEMPERATURE
—L. Carrea, C.J. Merchant, J.-F. Creatux, T. M. Dokulil, H. A. Dugan, B. Gibbes, A. Laas,
E. M. Leibensperger, S. Maberly, L. May, S.-I. Matsuzaki, G. Monet, D. Pierson, M. Pulkkanen,
0. 0. Rusanovskaya, S. V. Shimaraeva, E. A. Silow, M. Schmid, M. A. Timofeyev, P. Verburg, and
R. I. Woolway

I~ (a) Global, 1951 lakes

Ml B PP P B B B
1995 2000 2005 2010 2015 2020
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In 2022, the worldwide averaged satel-
lite-derived lake surface water temperature
(LSWT) warm-season anomaly was +0.33°C
with respect to the 1995-2020 baseline, the
second highest since the record began in
1995. The mean LSWT trend between 1995
and 2022 was 0.20+0.01°C decade™, broadly
consistent with previous analyses (e.g.,
Carrea et al. 2020, 2021, 2022a; Fig. 2.2a).
Warm-season anomalies for each lake are
shown in Plate 2.1b. The lake-mean
temperature anomalies were positive for
70% and negative for 30% of the 1951 globally
distributed lakes. For about 30 other lakes,
no anomalies could be computed since no
water was found in 2022.

Large regions of coherently high LSWT
anomalies were identified in 2022, with 40%
of the observed lakes experiencing LSWT

Fig. 2.2. Annual time series of

satellite-derived

warm-season lake surface water temperature anomalies
(°C; 1995-2020 base period) from 1995 to 2022 for lakes
distributed (a) globally, and regionally in (b) Europe,

(c) Africa, (d) the Tibetan Plateau, and (e) Canada.
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anomalies in excess of +0.5°C (Plate 2.1b). The highest anomalies were for lakes situated in the
northwestern contiguous United States and Canada. Negative LSWT anomalies were consistently
observed throughout most of South America (except Patagonia), parts of Africa, and in Alaska
and Greenland.

Four regions of interest were studied in more detail: Canada (number of lakes, n = 556, Figs.
2.2e, 2.3c), Europe (n = 268, Figs. 2.2b, 2.3a), Tibet (n = 145, Figs. 2.2d, 2.3d), and Africa (n = 147,
Figs. 2.2c, 2.3b). In these regions, the warm season LSWT anomalies are consistent with the cor-
responding 2-m air temperature anomalies, as measured by NASA GISS (Hansen et al. 2010; GISS
Surface Temperature Analysis [GISTEMP] Team 2022) and show an average warming trend of
+0.31+0.03°C decade™ in Europe (Fig. 2.2b) and +0.15+0.03°C decade™ in Canada (Fig. 2.2e). In
Africa, long-term change in LSWT is comparatively smaller at +0.10+0.01°C decade™ (Fig. 2.2c),
while in Tibet the warming tendency has increased relative to previous reports with the largest
positive anomaly in 2022. The warming rate of LSWT in Tibet from 1995 to 2022 was +0.15+0.02°C
decade™ (Fig. 2.2d). Moreover, in Tibet, all the observed lakes, except one, experienced positive
LSWT anomalies in 2022 with an average of +0.6°C, which is more than double the standard
deviation of mean anomalies from 1995 to 2022 and confirmed by high anomalies for the air
temperature (Fig. 2.3d). In Europe, below-normal LSWT in northern Europe (80 lakes) was less
prevalent than above-normal LSWT (188 lakes), resulting in an average of +0.35°C. In Africa,
60% of the 147 lakes experienced negative LSWT anomalies, and the average anomaly in 2022 was
-0.11°C. In Canada, 91% of the observed lakes experienced positive anomalies, with only 9%
experiencing negative anomalies for an average of +0.67°C in 2022.

(a) Europe (b) Africa
& : =) i o ®
== /‘ B | ™

-2 -15 -1 -05 0 0.5 L9

Anomaly (°C)

Fig. 2.3. Lake temperature anomalies (°C, colored dots) and 2-m air temperature anomalies (°C) in 2022 for lakes in
(a) Europe, (b) Africa, (c) Canada, and (d) the Tibetan Plateau. These values were calculated for the warm season (Jul-Sep
in the extratropical Northern Hemisphere; Jan—-Mar in the extratropical Southern Hemisphere; Jan-Dec in the tropics)
with reference to the 1995-2020 base period.
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In situ observations of warm season LSWT anomalies from the 1995-2020 mean for 40 lakes,
18 of which have measurements for the year 2022, are shown in Fig. 2.4 with an average anomaly
of —0.03°C. Fourteen lakes experienced positive anomalies (average: +0.70°C) and four lakes
negative anomalies (average: —2.60°C) in 2022. At the in situ measurement site on Lake Baikal in
Siberia, a temperature anomaly of —6.9°C was recorded, which is very different from the satellite
lake-mean anomaly of —0.47°C, suggesting a within-lake variation of the LSWT anomalies (see
Carrea et al. 2022a; Toffolon et al. 2020) on
Lake Baikal. At the in situ site, such a large
negative anomaly suggests a potential intru-
sion of colder water resembling upwellings
in ocean waters; this has been recorded on
the lake for more than 20 years at different
depths. Overall, the time series of the 18 lakes
show clearly that lakes are warming, espe-
cially after the year 2000.

In North America, the anomalies recorded
from the in situ data for Lakes Superior, Erie,
Michigan, and Huron are —-2.98°C, +0.67°C,
+0.69°C, and +0.55°C, respectively, which
are noticeably larger (in absolute terms) than
those estimated from satellite measurements
(-0.61°C, +0.20°C, +0.28°C, and +0.18°C,
respectively). The difference is largely
because in situ data are point measurements
whereas satellite data represent lake-wide
averages, suggesting spatial patterns of the
LSWT anomalies (see Carrea et al. 2022a;
Toffolon et al. 2020). In Europe, all the lakes
with in situ data had positive anomalies,
except Lake Balaton (Hungary) which was
0.36°C below its 1995-2020 average (—0.01°C
with satellite). Mondsee (Austria) was 1.51°C

Canada

USA

Mondsee

Balaton
Baikal

Ta
1980 1985 1990 1995 2000 2005 2010 2015 2020

-1 -0.5-0.2 0.2 05 1 2 4
Lake temperature anomaly (°C)

7 >

Fig. 2.4. In situ lake surface water temperature (LSWT)
observations from 40 globally distributed lakes (the name is

warmer than average in 2022 and the highest
recorded value for the in situ data. In New
Zealand, Lake Taupo had a slight negative

reported for the lakes mentioned in the text), showing the
annually averaged warm season (Jul-Sep in the Northern
Hemisphere; Jan-Mar in the Southern Hemisphere) anoma-
lies (°C; 1995-2020 base period).

anomaly of —0.15°C (+0.98°C from satellites)
while Rotorua had a positive anomaly of +0.51°C (with reference period 2011-2020) compared to
the anomaly from satellite of +0.6°C (with reference period 1995-2020).

The LSWT warm-season averages for midlatitude lakes are computed for summers
(July—September in the Northern Hemisphere and January—March in the Southern Hemisphere),
and whole-year averages are presented for tropical lakes (within 23.5° of the equator).

LSWT time series were derived from the European Space Agency Climate Change Initiative
LAKES/Copernicus C3S climate data record (Carrea et al. 2022h, 2023). For 2022, satellite obser-
vation from the Sea and Land Surface Temperature Radiometer on Sentinel3B and MODIS on
Terra were used. The retrieval method of MacCallum and Merchant (2012) was applied on image
pixels filled with water according to both the inland water dataset of Carrea et al. (2015) and a
reflectance-based water detection scheme (Carrea et al. 2023).

The satellite-derived LSWT data are spatial averages for each of a total of 1951 lakes. The
satellite-derived LSWT data were validated with in situ measurements with an average
satellite-minus-in situ temperature difference of less than 0.5°C (Carrea et al. 2023). Lake-wide
average surface temperatures have been shown to give a more representative picture of LSWT
responses to climate change than single-point measurements (Woolway and Merchant 2018).

SEPTEMBER 2023 | State of the Climate in 2022 BAMS 2. GLOBAL CLIMATE S30



3. NIGHT MARINE AIR TEMPERATURE
—R. C. Cornes, T. Cropper, R.Junod, and E. C. Kent
Air temperature measurements have been made onboard ships for centuries
and continue to be collected today thanks to the Voluntary Observing Ship initiative
(https://www.ocean-ops.org/reportcard2022/). Gridded datasets of marine air temperature
(MAT) are constructed from the individual
measurements, and two such datasets that

0.5 | (a) Global _
are routinely updated are used in this
section: University of Alabama in Huntsville e e Ny )
night-time MAT (UAHNMAT; Junod and -0.5 .
Christy 2020) and Climate Linked Atlantic -1.0 A
Sector Science night MAT (CLASSnmat; — Sﬁ?ﬁ?f’\t&'f_ HadssT

=15 . . . . ) 1

Cornes et al. 2020). Since daytime MAT Lo B B B B

05 |_(b) Northern Extra-Tropics

observations are biased warm due to heating
from the ship superstructure, only night-time

values are currently used in these datasets E

and, hence, they are referred to as night 2

marine air temperature (NMAT). These NMAT ~ §

datasets provide comparison against the < B e e o e e
more widely used sea-surface temperature 0.5 Tropics 1
(SST) datasets. In keeping with this theme, 0.0

we also include SST statistics from The Met -0.5

Office Hadley Centre's sea-surface tempera- 0

ture dataset (HadSST4; Kennedy et al. 2019)

in this section. Note, however, that the L R L N L O L
large-scale average values from HadSST4 pre- 0.5[{c) Southem Extra-Tropics 7
sented in this section (Fig. 2.5 and Table 2.2) 0.0

may differ slightly from other estimates from ~05

the dataset presented in this report because
the data have been masked such that the
spatial coverage is the same across the three
datasets in order to ensure a fair

-1.0

=15 . o s by by 1y 1
1900 1920 1940 1960 1980 2000 2020

comparison. Fig. 2.5. Annual mean night marine air and sea-surface tem-
. perature anomalies (°C; 1991-2020 base period) calculated
Evidence from the NMAT datasets and  om the CLASSnmat, UAHNMAT, and HadSST4 datasets
HadSST4 indicates that across global ocean averaged over the (a) globe, (b) northern extra-tropics,
regions, 2022 was the fifth-warmest year (c) tropics, and (d) southern extra-tropics. The tropics is
since 1900 (Table 2.2). As with the global defined as the latitude range 30°s-30°N and the northern
estimates of temperature discussed in (southern) extra-tropics as >30°N (<30°S). The averages only
. o o o . include values that are common to all three datasets for a
section 2b1, the “triple-dip” La Nifia condi-  given year and since UAHNMAT starts in 1900, only values
tions (see Sidebar 3.1 for details) suppressed  for the period 1900-2022 are plotted.

Table 2.2. Average anomalies (°C; 1991-2020 base period) for 2022 calculated from two NMAT data-
sets (CLASSnmat and UAHNMAT) and HadSST4. The regions are defined as in Fig. 2.5. The values in
parentheses indicate the ranking of 2022 values within the period 1900-2022.

Dataset it Exlrlgr:tTrl"gg;cs 1EipEs Exst::-?l'l:'srpl;cs
CLASSnmat 0.16 (5) 0.52(1) 0.03 (16) 0.25(3)
UAHNMAT 0.15(5) 0.47 (1) 0.03 (20) 0.28(1)
HadSST4 0.26 (5) 0.71 (1) 0.12 (8) 0.29 (1)
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https://www.ocean-ops.org/reportcard2022/

the global average NMAT values during the year. This feature is apparent in the maps of tempera-
ture anomalies (Fig. 2.6) and is reflected in the average anomalies for the tropics, where
2022 ranked as only the 16th- or 20th-warmest year on record (Table 2.2).

Across the northern extra-tropics (north of 30°N), 2022 was the warmest year in the 123-year
record according to all three datasets. Monthly anomalies were more than 0.3°C above the
1991-2020 average throughout all months of the year, with particularly large anomalies greater
than +0.7°C recorded from August to November. The annual average anomaly was greatest in
HadSST4 (+0.7°C) compared to the NMAT datasets where it was approximately +0.5°C. The
highest positive temperature anomalies in this region were recorded across the northern Pacific
Ocean (Fig. 2.6). Across all datasets, relatively high anomalies were also recorded in the north-
east Atlantic Ocean, particularly in the seas around western Europe and the Mediterranean, and

across the western boundary current region
of the North Atlantic.

Across the southern extra-tropics, NMAT
anomalies were also high in 2022, with
relatively high anomalies recorded in the
western South Pacific/Coral Sea region. For
CLASSnmat, the year ranked as third warmest
for the region whereas both UAHNMAT and
HadSST4 ranked 2022 as the warmest year in
the series. Due to the incorporation of drifting
buoy data in HadSST4, the spatial coverage is
generally better than for the NMAT datasets,
which only use ship-based measurements of
air temperature, and this is most apparent
across the Southern Ocean. This sparser
coverage results in a greater uncertainty in
the NMAT datasets in this region.

In previous State of the Climate reports
(e.g., Cornes et al. 2022), the discrepancy in
trends between the NMAT and SST datasets
has been discussed. While the global average
trend between 1900 and 2022 is slightly
higher in HadSST4 compared to the NMAT
datasets (c.f. 0.09°C decade™ in UAHNMAT
and 0.11°C decade'in CLASSnmat compared
to 0.16°C decade® in HadSST4) there is a
much larger discrepancy in temperature
trends between SST and NMAT after around
1990. This is particularly the case in the
tropics where temperature increased at a rate
of 0.05°C decade? or 0.07°C decade'in NMAT
compared to 0.13°C decadein HadSST4. The
reason for this discrepancy remains unclear
and a wider discussion of this feature of the
data, which also considers trends in Coupled
Model Intercomparison Project (CMIP) sim-
ulations, is provided by Cross-chapter box
2.3 in Gulev et al. (2021).
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Fig. 2.6. Average annual night marine air and sea-surface
anomalies (°C; 1991-2020 base period) for 2022 in the
(a) CLASSnmat, (b) UAHNMAT, and (c) HadSST4 datasets.
Averages were calculated for a grid-cell where more than six
months of data are present. This calculation has been done
separately for each dataset and results in a different spatial
coverage in the three datasets.
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4. SURFACE TEMPERATURE EXTREMES so—}a')};(édp' SRR L LR SRR
—M. G. Donat, R.J. H. Dunn, R. W. Schlegel, 701

and A. Kruger 60
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the frequencies are substantially above the a0l .
average value of 36 days per year (Fig 2.7).
Large areas of the globe were affected by = l
strong, and in some places record-breaking 20+ -

hot extremes in 2022. In particular, large 90
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parts of Europe, Asia, and South America 80 —{d) D -
were affected by anomalously frequent warm 701 -
days (in many areas, more than double the 60| 2
average frequency; Plate 2.1d). The frequency 50+ -
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parts of China and Western and southwestern 30 A

Europe (and northwestern Africa, for ERA5; e e e e
Fig. 2.8; Supp. Fig. A2.5b). This hlg,h fre- Fig. 2.7. Time series of the annual number of (a),(c) warm
quency of warm days was aC(Eomp.anled .by days and (b),(d) cool nights averaged over global land
heat events of record-breaking intensity. regions based on gridded station data from the GHCNDEX

Large parts of China, Central Asia, and dataset (a),(b) and three atmospheric reanalyses (ERAS5,
Central and Western Europe show the highest MERRA-2, JRA-55; (c),(d)). The spatial coverage in GHCNDEX

. . is limited; the black dotted lines show the percentage of
TXX. values (annual ma.leum of daily land area covered (right y-axis in (a),(b)), and the coverage
maximum temperatures) in the GHCNDEX  yncertainty (2-o, following Brohan et al. 2006, Dunn et al.
record (Supp. Fig. A2.5a). These extreme 2020)is shown as the light red bands in (a),(b).
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Table 2.3. Definitions of temperature extremes indices, along with 2022 value and ranks from the four datasets. Reference
period for GHCNDEX (1961-90) is different to that used for the reanalyses products (1991-2020).

GHCNDEX ERA5 MERRA-2 JRA-55
Definition (1951-2022) (1979-2022) (1980-2022) (1970-2022)
Value, Rank Value, Rank Value, Rank Value, Rank
X90 Warm The annual count of days when the daily maximum 66.2 days, 48.6 days, 40.0 days, 44.0 days,
P days temperature exceeds the 90th percentile 3rd highest 8th highest 14th highest 10th highest
P nights P . 11th lowest 8th lowest 9th lowest 6th lowest
percentile
TXx Hottest Annual highest value of daily maximum _ _ _ _
Day temperature
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temperature values include the first-ever occurrence of temperatures exceeding 40°C in the
United Kingdom and other parts of northwestern Europe (see section 7f for more details). In
contrast, likely due to the persisting La Nifia conditions, southeastern Australia recorded its
lowest TXx values in 2022 in the ERA5 and GHCNDEX records (Fig. 2.8a and Supp. Fig. A2.6a,

respectively).

The frequency of cool nights (TN10p; see definition in Table 2.3) was the eighth lowest on
record for ERA5 and 16th lowest based on the GHCNDEX global average. Regions affected by

an above-average frequency of cool nights,
reflecting relatively low temperatures in
general, include parts of Australia, South
America, and northwestern North America
(Plate 2.1e). Parts of South America had
minimum night-time temperatures that
were among the lowest on record based on
ERA5 (Fig. 2.8c). In contrast, most other
land regions showed below-average fre-
quency of cold extremes (Plate 2.1e).
Analysis of NOAA Optimum
Interpolation Sea Surface Temperature
(NOAA OISST v2.1; Huang et al. 2021)
showed that, in 2022, 58% of the ocean
surface experienced at least one marine
heatwave (MHW; Hobday et al. 2016; Figs.
29a,b), and 25% experienced at least
one marine cold spell (MCS; Figs. 2.9¢,d).
Category 2 Strong MHWs (Hobday et al.
2018) were the most common (26%) warm
events for the ninth consecutive year,
whereas Category 1 Moderate MCSs have
remained the most common (20%) cool
events in all years since 1985. The ocean
experienced a global average of 57 MHW
days (18 MCS days) in 2022, which is greater
than the 2021 average of 48 days (13 days),
but less than the 2016 record of 61 days
(1982 record of 27 days; Figs. 2.9a,c). This
daily average equates to 16% (5%) of the
surface of the ocean experiencing a MHW
(MCS) on any given day (Figs. 2.9a,c).
Land surface temperature extremes are
characterized by indices developed by the
former World Meteorological Organization
Expert Team in Climate Change Detection
and Indices (Zhang et al. 2011). The
observations-based GHCNDEX (Donat
et al. 2013) uses daily maximum and
minimum temperatures from the GHCND
dataset (Menne et al. 2012) to calculate
these indices for each station, which are
then interpolated onto a regular 2.5° grid.
Spatial coverage for 2022 is, as in previous
years, limited to primarily the Northern
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Fig. 2.8. Maps indicating grid cells where the temperature
indices for 2022 ranked in the three highest or three lowest
values based on ERAS5 since 1979: (a) hottest day of the year
(TXx), (b) annual number of warm days (TX90p), and (c) annual
number of cool nights (TN10p).
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Hemisphere extra-tropics and Australia, with very little coverage in Africa and South America
(Fig. A2.5). We use the ERA5 reanalysis (Hersbach et al. 2020) to provide globally complete fields
of these indices covering 19792022, which performed well in a recent intercomparison between
observation and reanalyses datasets (Dunn et al. 2022). The indices quantifying exceedances of
percentile-based thresholds use a fixed reference period, and intercomparison between these
is complex in a strongly warming climate (Dunn et al. 2020; Yosef et al. 2021; Dunn and Morice
2022). The percentile period in GHCNDEX is 1961-90, whereas for the index calculations with
ERAGS the percentiles are calculated for the 1991-2020 period.

An MHW is detected when five or more consecutive days of temperature are above a 90th
percentile daily climatology (Hobday et al. 2016). MHWs are categorized as moderate when the
greatest temperature anomaly during the event is less than double the 90th percentile for the
seasonal anomaly. When this value is more than double, triple, or quadruple the distance, the
MHW is categorized as strong, severe, or extreme, respectively (Hobday et al. 2018). The direct
inverse is used to detect and categorize MCSs (i.e., days below the 10th percentile). The baseline
period used to detect events in this report is 1982-2011, because 1982 is the first full year of the
NOAA OISST product.

MHW category summaries: 1982-2022
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Fig. 2.9. (a).(c) Average annual number of global marine heatwave (MIHW) and marine cold-spell (MCS) days experienced
over the surface of the ocean each year (left y-axis), also expressed as the percent of the surface of the ocean experi-
encing an MHW/MCS on any given day (right y-axis) of that year. (b),(d) Total percent of the surface area of the ocean
that experienced an MHW/MCS at some point during the year. The values shown are for the highest category of MHW/

MCS experienced at any point. The base period is 1982-2011. (Source: NOAA OISST v2.1.)
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5. TROPOSPHERIC TEMPERATURE
—S. Po-Chedley, J. R. Christy, C.-Z. Zou, C. A. Mears, and L. Haimberger

The 2022 globally averaged lower-tropospheric temperature (LTT) anomaly was 0.26°C (0.17°C
to 0.37°C) above the 1991-2020 average, ranking among the nine warmest years on record (fourth
to ninth warmest, depending on the dataset). Long-term warming of the troposphere is consis-
tent with our understanding of greenhouse warming. Other factors, such as volcanic eruptions,
decadal variability, and solar activity also modulate the long-term warming trend (Christy and
McNider 2017; Po-Chedley et al. 2022). Interannual variations in global LTT are dominated by the
El Nifio—Southern Oscillation, which has largely been in a La Nifia state since August 2020 (see
section 4b and Sidebar 3.1 for details; Figs. 2.10a,b). As with the year 2021, the depression of
atmospheric temperature due to La Nifia combined with the background warming trend (Table
2.4) produced a year that was warmer than average, but not record breaking.

La Nina events are accompanied by a distinct pattern of tropospheric temperature anomalies,
which are evident in the annual average departures in both 2022 (Plate 2.1f) and 2021 (see Plate 2.1f

Table 2.4. Temperature trends (units of °C decade-") for global lower-tropospheric temperature (LTT) and tropical tropo-
spheric temperature (TTT) over the periods 1958-2022 and 1979-2022. NASA MERRA-2 data begins in 1980 and NOAA
STAR v5.0 TLT begins in 1981. UW does not produce an LTT product.

LTT LTT T LLL
(90°S-90°N) (90°S-90°N) (20°S-20°N) (20°S-20°N)
1958-2022 1979-2022 1958-2022 1979-2022
. NOAA RATPAC vA2
Radiosonde (Free et al. 2005) 0.18 0.22 0.17 0.18
. RAOBCORE v1.9
Radiosonde (Haimberger et al. 2012) 0.16 0.17 0.13 0.15
. RICH v1.9
Radiosonde (Haimberger et al. 2012) 0.18 0.20 0.18 0.19
. UAH v6.0 1
Satellite (Spencer et al, 2017) - 0.13 - 0.12
. RSS v4.0
Satellite (Mears and Wentz, 2016) - 0.21 - 0.16
. Uwv1.0
Satelite (Po-Chedley et al. 2015) - - - 0.16
. NOAA STAR v5.0 _ - .
Satellite (Zou et al. 2023) 0.13 0.10
. ERA5
Reanalysis (Hersbach et al. 2020) - 0.18 B 015
. JRA-55
Reanalysis (Kobayashi et al. 2015) 0.17 0.18 0.16 0.14
. NASA MERRA-2
Reanalysis (Gelaro et al. 2017) - 0.19 - 0.17
Median Calculated from previous values 0.17 0.18 0.16 0.15
MThe vertical sampling in UAH and NOAA STAR LTT is slightly different from other datasets and results in temperature trends that are approximately
0.01°C decade™" smaller than other datasets.
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in Blunden and Boyer 2022). La Nifia conditions over late 2021 through 2022 contributed to
record-breaking LTT values over the North and South Pacific Ocean, China, and parts of South
Asia. Persistent summertime heatwaves during June to August contributed to record-breaking
tropospheric temperatures over Europe in 2022. Large positive total column water vapor anoma-
lies were collocated with the anomalous tropospheric warmth (Plate 2.1i; section 2d2). Overall,
the global LTT was above average across 70% of the globe, with 6% of Earth experiencing the
highest temperatures since the start of the record in 1979 (Plate 2.1f; Fig. 2.10c). In contrast, 1%

of Earth experienced its coldest year on record.

Atmospheric temperature data are derived from balloon-borne radiosonde measurements,
satellite-based microwave soundings, and atmospheric reanalyses (Table 2.4). Each dataset

employs different strategies to remove
biases and drifts from sources of atmo-
spheric temperature data. Across datasets
and measurement techniques, there is
good agreement on interannual timescales
(Fig. 2.10a; Supp. Fig. A2.7), but structural
uncertainty leads to non-negligible differ-
ence in long-term warming trends (Table 2.4).
One issue in the construction of tropo-
spheric temperature microwave records is
that short-term trends from overlapping
satellites do not always agree after esti-
mated biases are removed. For example,
tropospheric warming inferred from the
Microwave Sounding Unit (MSU) onboard
the NOAA-14 satellite exceeds that from
Advanced MSU (AMSU) data from NOAA-15.
Reliance on data from NOAA-14 (NOAA-15)
results in larger (smaller) estimates of tro-
pospheric warming (Mears and Wentz 2016;
Santer et al. 2021). A new version of the NOAA
STARdataset treats data from thelatest micro-
wave sounding instruments (AMSU and the
Advanced Technology Microwave Sounder)
as a reference with which to calibrate earlier
data from earlier MSU instruments (Zou et al.
2021, 2023). This decision has the effect of
substantially reducing global tropical tro-
pospheric temperature (TTT) warming over
1979 to 2021 (from 0.23°C decade™ to 0.14°C
decade™; Zou et al. 2023). Changes in the esti-
mated rate of warming of a few hundredths
of a degree per decade are common when tro-
pospheric temperature datasets are updated.
These changes illustrate the challenges and
pronounced structural uncertainty in con-
structing records of tropospheric warming.
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Fig.2.10.Timeseries of (a) global average lower-tropospheric
temperature (LTT; °C) anomalies, (b) central Pacific (Nifio-3.4
region) sea-surface temperature anomalies (°C), and (c) per-
centage of Earth experiencing record-high (red) and low
(blue) LTT values, according to RSS and UAH LTT datasets
for the period 1979-2022. Bold lines in (a) represent the
annual average values (across datasets) for sondes (yellow),
reanalysis (red), and satellite (blue) data. Monthly values for
individual datasets are also plotted with thinner and lighter
lines for context. The climatological base period for (a) and
(b) is 1991-2020. Nifio-3.4 anomalies are calculated using
the HadISST1 dataset (Rayner et al. 2003). STAR data are
not included in the satellite LTT time series because the time
series begins in 1981 (versus 1979 for RSS and UAH data).

General circulation models (GCMs) tend to simulate greater tropospheric warming than sat-
ellite observations over 1979 to present, particularly in the tropics (McKitrick and Christy 2020;
Po-Chedley et al. 2021; Zou et al. 2023). Observed tropical sea-surface warming, which is closely
coupled to tropospheric warming, is also smaller than the average warming in GCMs (Eyring
et al. 2021). Two factors likely contribute to faster-than-observed model warming: biases in
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the prescribed model forcing and biases in the GCM response to greenhouse gas forcing. For
example, Fasullo et al. (2022) shows that a discontinuity in the biomass-burning aerosol forcing
prescribed to models in Phase 6 of the Coupled Model Intercomparison Project (CMIP6) results
in inflated warming in version 2 of the Community Earth System Model—an issue that may affect
other CMIP6 GCMs. Several GCMs also exceed the likely range of estimates of climate sensitivity
(Forster et al. 2021)—the global surface warming response to a doubling of atmospheric carbon
dioxide—which in turn contributes to overestimates of historical warming (Scafetta 2023).
Multidecadal internal variability has also reduced observed warming since 1979 (Po-Chedley
et al. 2022), which contributes to the difference between observed and simulated warming. Aside
from these factors, it is also possible that observational biases may affect observed tropospheric
warming (Santer et al. 2021).

6. STRATOSPHERIC TEMPERATURE
—W. J. Randel, C. Covey, L. Polvani, and A. K. Steiner
Global mean temperatures in the lower, middle, and upper stratosphere were anomalously
low during 2022, a result of the large volcanic eruption of Hunga Tonga—Hunga Ha‘apai (HTHH)
in January 2022 (Sidebar 2.2). These cold anomalies were primarily observed in the Southern
Hemisphere (SH), and these volcanic effects accentuated the multi-decadal global-scale cooling
of the stratosphere due to increases of anthropogenic carbon dioxide concentrations in the
atmosphere. The Antarctic polar vortex was ;)

strong and persistent in 2022, while the Arctic 2201
polar vortex was disturbed by a major strato- ‘
spheric warming in March. The stratospheric
quasi-biennial oscillation (QBO) progressed
normally, with equatorial westerly winds and
positive temperature anomalies descending
from the middle stratosphere to the lower
stratosphere during the year. 514
The HTHH eruption (~20°S, 175°W) on
15 January 2022 injected extreme amounts of
water vapor (H,0) and a moderate amount of T
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the aerosol precursor sulfur dioxide into the

stratosphere. The amount of stratospheric (b)40
H,O injected from HTHH is unprecedented in
the continuous satellite record beginning in
the middle 1980s (Davis et al. 2016; Milan
et al. 2022; Vémel et al. 2022). The H,0 and
aerosol perturbations persisted throughout
2022 (e.g., Schoeberl et al. 2022; Mishra et al.
2022), and the radiative effects of enhanced
H,0 resulted in large-scale cooling of the SH
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stratosphere, in contrast to aerosol-induced
warming of the stratosphere observed from
past large volcanic eruptions (e.g., Labitzke
and McCormick 1992). Additional H,0 cools
the stratosphere because of enhanced
longwave emission to space (e.g., Forster
and Shine 1999). Observations show low
temperatures in 2022 that are well outside
the range of previous variability (Fig. 2.11a),
with corresponding anomalies in strato-
spheric winds and circulation in balance
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Fig. 2.11. Evolution of Southern Hemisphere midlatitude
(10°S-50°S) stratospheric temperature anomalies (°C) in 2022
from Aura MLS measurements (https://aura.gsfc.nasa.gov/).
(a) Time series of temperatures at 25 km for each individual
year, highlighting anomalously cold temperatures in 2022
(red) compared to previous years 2004-21. (b) Height-time
evolution of temperature anomalies in 2022 (2022 minus
2004-21 average). Hatching denotes 2022 anomalies that
are outside of all previous variability during 2004-21.
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with the anomalous temperatures (Coy et al. 2022; Wang et al. 2022). Low anomalies were largest
during SH winter (Fig. 2.11b), with a corresponding equatorward shift of the Antarctic polar
vortex and circulation-induced midlatitude ozone losses (Wang et al. 2022). While the HTHH H,0
plume is slowly dispersing throughout the global stratosphere, it is expected to persist for a
number of years as H,0 is chemically inert, and the main loss processes are due to transport in
the slow overturning stratospheric circulation. Hence the HTHH H,0 anomalies will continue to
influence stratospheric temperatures beyond 2022.

The Antarctic polar vortex was strong and characterized by anomalously low temperatures
during spring 2022, persisting through December (see section 6b for details). Springtime polar
temperatures and vortex persistence are closely linked with springtime polar ozone amounts,
due to ozone radiative forcing after the sun returns in October. Springtime polar ozone was also
relatively low in 2022 (section 2g4), likely contributing to the observed low temperatures.

The Arctic polar vortex was stable and relatively cold during winter but was disturbed by
a major stratospheric warming event in March (Vargin et al. 2022), with polar temperature
increases over a few days of about 30K. The vortex did not recover, and this event thus corre-
sponded to the ‘final warming’ for that winter. The stratospheric QBO in 2022 continued its usual
regular progression (as observed since the 1950s) in contrast to the anomalous disruption events

of 2016 and 2020 (section 2e3).
(a) 10-m depth
1

c. Cryosphere 0
1. PERMAFROST TEMPERATURE AND i
ACTIVE LAYER THICKNESS
—J. Noetzli, H. H. Christiansen, F. Hrbacek,
G. Hu, K. Isaksen, F. Magnin, P. Pogliotti,
S. L. Smith, L. Zhao, and D. A. Streletskiy
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Temperature (°C)

Permafrost is a subsurface phenomenon
in polar and high mountain regions and
defined as ground with a maximum tem-

1990 2000 2010 2020
perature of 0°C throughout the year. (b)20-m depth
Permafrost temperatures close to the depth !
where annual fluctuations become minimal 0 . S S LSS
(the depth of zero annual amplitude) = RSB = e

increased across all permafrost regions in
the past decades with rates ranging from
below 0.3°C decade™ in warm permafrost
(with temperatures close to 0 °C) to above
0.8°C decade™ in cold permafrost (Biskaborn
et al. 2019; Smith et al. 2022; Etzelmiiller
et al. 2020; Zhao et al. 2020; Fig. 2.12; see also
section 5i). The thickness of the active layer
(ALT), the layer above the permafrost that
thaws during summer, increased in the Arctic
by a few centimeters per decade in cold con-
tinuous permafrost and by more than 10 cm
decade™ in discontinuous permafrost. ALT
increased by 19.6 cm decade™ over the past
40 vyears in the Qinghai-Tibet Plateau
(Fig. 2.13) and has increased by a few meters
in the past 20 years at several sites in the
European Alps.
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Fig. 2.12. Permafrost temperatures (°C) measured in bore-
holes in the European Alps and the Nordic countries at a
depth of (a) ~10 m (monthly means) and (b) 20 m (annual
means). (Sources: Switzerland: Swiss Permafrost Monitoring
Network; Norway: Norwegian Meteorological Institute and
the Norwegian Permafrost Database; France: updated from
Magnin et al. 2015; Italy: updated from Pogliotti et al. 2015.)
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Permafrost temperatures in 2022 were 60
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(°C; 1991-2020 base period) in the permafrost zone along the

(Source:

was on average 5 cm higher in 2022 than  ¢cryosphere Research Station on Qinghai-Xizang Plateau, CAS.)

in 2021, while in Central Siberia it was

6 cm lower, but 13 cm higher than average. In East Siberia and Chukotka, ALT was 2 cm—-3 cm
higher than in 2021, but close to the long-term mean. In high-Arctic Svalbard, permafrost tem-
peratures were the fourth highest on record. ALT was not at maximum due to lower air
temperatures in April and early May, and despite record air temperatures in summer 2022 in
western and northern Svalbard.

Several countries in Europe recorded extremely dry and warm conditions in summer 2022 (see
section 7f; sections 2b4, 2d11; Copernicus 2023). In northern Norway, the permafrost degradation
continued, with permafrost thaw down to 20-m depth at Iskoras, and in southern Norway the
permafrost temperature was the highest on record at Juvvasshge (Fig. 2.12). Nearby, on Dovrefjell,
since 2021 the active layer has not completely frozen down to the underlying permafrost during
winter, resulting in a talik (unfrozen zone; Isaksen et al. 2022). In the European Alps, mean
annual ground surface temperature increased in 2022 by more than 1°C compared to 2021 at the
majority of the 30 Swiss sites due to higher air temperatures and early snow melt (section 2c5;
MeteoSwiss 2023; Pielmeier et al. 2023). The active layer was the thickest on record at most mon-
itoring sites in the Swiss, French, and Italian Alps. In contrast, permafrost temperatures at 10-m
depth decreased in 2022 at many sites (update from the Swiss Permafrost Monitoring Network
[PERMOS] 2022; Pogliotti et al. 2015; Magnin et al. 2015; Fig. 2.12) reflecting the colder condi-
tions of 2021 (Noetzli et al. 2022). Permafrost temperatures at 20-m depth—where they react to
longer-term trends—continued to increase in 2022 at most sites and were close to record levels.

Permafrost temperatures in the Qinghai-Tibet Plateau continued to increase from 2005 to
2021 at 10- and 20-m depth at six sites, with stronger warming in colder permafrost. At the 10 ALT
sites along the Qinghai-Tibet Highway (Kunlun mountain pass), ALT increased from the start
of the measurements in 1981 to a new maximum of 250 cm in 2021 (the latest value available;
Fig. 2.12).

On James Ross Island in the northern Antarctic Peninsula, 2022 was the warmest of the
instrumental records since 2004. The mean annual near-surface temperature (-3.2°C) was 2.2°C
above the 2011-20 mean (reference site AWS-JGM), leading to a mean annual temperature at the
permafrost table (i.e., the top of permafrost) 1.6°C above average. The ALT was 71 cm in 2022 and
22 cm above the mean during 2011-20 (Kaplan-Pastirikova et al. 2023). ALT has been increasing
at all Antarctic Peninsula monitoring sites since 2015, whereas it has remained stable in the
other regions of Antarctica.

International field data of ALT, permafrost temperatures, and rock glacier velocity (Streletskiy
et al. 2021; section 2c2) are collected by the Global Terrestrial Network for Permafrost (GTN-P).
Permafrost temperatures are manually recorded or continuously logged in boreholes with a
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measurement accuracy of ~0.1°C (Biskaborn et al. 2019; Noetzli et al. 2021; Streletskiy et al. 2021).
ALT is either determined by mechanical probing (with an accuracy of ~1 cm) or interpolated
from borehole temperature measurements. The global coverage of permafrost monitoring sites
is sparse and biased to the Northern Hemisphere. Permafrost data are particularly limited in
regions such as Siberia, central Canada, Antarctica, and the Himalayan and Andes Mountains.

2. ROCK GLACIER VELOCITY
—C. Pellet, X. Bodin, D. Cusicanqui, R. Delaloye, A.Kaab, V. Kaufmann, J. Noetzli, E. Thibert, S. Vivero,
and A. Kellerer-Pirklbauer
Rock glaciers are debris landforms generated by the creep of frozen ground (permafrost)
whose velocity changes are indicative of changes in the thermal state of permafrost (RGIK
2022a,b). Rock glacier velocities (RGV) observed in different mountain ranges worldwide have
been increasing since the 1950s, with large regional and inter-annual variability. In 2022, RGVs in
the European Alps decreased at all monitoring sites. For some rock glaciers this was the second
consecutive year of decreasing velocities. These changes are consistent with the evolution of
permafrost temperatures (section 2c1) to which rock glacier surface velocities respond synchro-
nously (e.g., Kenner et al. 2017; Staub et al. 2016).
Although summer was marked by exceptionally high air temperatures (Fig. 2.14a; section
2b4), RGVs in the European Alps decreased at all sites in 2022, which contrasts with the general
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Fig. 2.14. (a) Air and ground temperatures (°C) in the European Alps, (b) rock glacier velocities (m yr') at selected sites
in the European Alps, (c) the Dry Andes (adapted from Vivero et al. 2021), and (d) Central Asia (adapted from Kaab et al.
2021). Rock glacier velocities are based on in situ geodetic surveys or photogrammetry in the context of long-term
monitoring. In situ hydrological mean annual permafrost temperature measured at 10-m depth (blue line) at Murtel
Corvatsch (black triangle on Europe map) and air temperature: composite anomaly to the 1981-2010 average (bars)
and composite 20-yr running mean (solid line) at Besse (FR), Grand Saint-Bernard (CH), Saentis (CH), Sonnblick (AT), and
Zugspitze (D, black diamonds on Europe map). (Sources: Météo France, Deutscher Wetterdienst, MeteoSwiss, GeoSphere
Austria, Swiss Permafrost Monitoring Network, University of Fribourg, University of Graz, Graz University of Technology,
Université Grenoble Alpes, University of Oslo.)
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acceleration trend observed since the 1950s (Pellet et al. 2022; PERMOS 2022). Maximum velocity
decrease compared to 2021 was observed in the Swiss Alps (e.g., Grosses Gufer: —49% and
Gemmi/Furggentalti: —37%), whereas a smaller decrease was reported in the French (e.g.,
Laurichard: -14%) and Austrian (e.g., Dosen: -15% and Hinteres Langtalkar: -5%) Alps
(Fig. 2.14b). The velocity decrease is consistent with a decrease in permafrost temperatures
observed at 10-m depth (section 2c1), which reflects the comparatively cold year of 2021. The
relatively dry winter of 2021/22 and dry and warm spring and summer of 2022 affected the geohy-
drological conditions at all sites (i.e., reduced the amount of water available in the terrain) and
also contributed to velocity decrease (i.e., reduced shearing due to reduced pore water pressure;
see Cicoira et al. 2019)

There are only a few long-term in situ RGV measurements outside of the European Alps.
However, RGVs have been increasingly observed and reconstructed using (archival) aerial pho-
tographs and high-resolution satellite data (e.g., Cusicanqui et al. 2021; Eriksen et al. 2018). In
the Dry Andes, RGVs reconstructed on three rock glaciers show low velocities from 1950 to 2000,
followed by a steady acceleration since the 2000s (Fig. 2.14c), consistent with the climatic con-
ditions in the region (Vivero et al. 2021).

RGVs observed in Central Asia have increased overall since the first available measurements
in the 1950s, although their inter-annual evolution differs (Fig. 2.14d; Kaib et al. 2021). This
general trend is consistent with increasing air temperatures in the region and with the accelera-
tion reported in the European Alps and Dry Andes.

RGVs are mostly related to the evolution of ground temperature and liquid water content
between the upper surface of permafrost (i.e., permafrost table) and the layer at depth where
most of the deformation occurs (the so-called shear horizon; Cicoira et al. 2019; Frauenfelder
et al. 2003; Kenner et al. 2017; Staub et al. 2016). Despite variable size, morphology, topograph-
ical and geological settings, and velocity ranges, consistent regional RGV evolutions have been
highlighted in several studies (e.g., Delaloye et al. 2010; K&ab et al. 2021; Kellerer-Pirklbauer et al.
2018). Given the global occurrence of rock glaciers and the sensitivity of their surface velocity to
ground temperatures and, by extension, to climate change, RGV was adopted in 2021 as a new
associated product to the essential climate variable permafrost by the Global Climate Observing
System (GCOS 2022a,b) and the GTN-P (Streletskiy et al. 2021). Multi-annual long-term RGV time
series are reconstructed using repeated aerial or optical satellite images. Horizontal displace-
ments are computed based on cross-correlation feature tracking on multi-temporal ortho-images
or digital elevation model matching (Kdab et al. 2021; Vivero et al. 2021). The resulting accuracy
strongly depends on the spatial resolution of the images and on the image quality (i.e., snow-free
and shadows). Surface displacements are averaged for a cluster of points/pixels selected within
areas representative of the downslope movement of the rock glacier (RGIK 2022a). Annual
rock glacier velocities are measured using terrestrial geodetic surveys performed each year at
the same time (usually at the end of summer). The positions of selected boulders (10-100 per
landform) are measured with an average accuracy in the range of mm to cm (Delaloye et al.
2008; Kellerer-Pirklbauer and Kaufmann. 2012; PERMOS 2022; Thibert and Bodin 2022).
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3. ALPINE GLACIERS
—M. S. Pelto

In 2022 heat events in the European Alps, Svalbard, High Mountain Asia, and the central
Andes of Argentina and Chile resulted in a global mean annual mass balance of 1433 mm w.e.
(water equivalent) for all 108 reporting alpine (mountain-region) glaciers, with data reported
from 20 nations on five continents. In the hydrological year 2021/22, the preliminary regionally
averaged annual mass balance based on the World Glacier Monitoring Service (WGMS 2021) ref-
erence glaciers was -1179 mm w.e. compared to the 1970-2020 average of —-490 mm w.e. This
makes 2022 the 35th consecutive year with a global alpine mass balance loss and the 14th con-
secutive year with a mean global mass balance below -500 mm w.e. (Fig. 2.15). This acceleration
in mass loss from global alpine glaciers in the twenty-first century matches the findings of
Huggenot et al. (2021). Since the start of the record in 1970, 9 of the 10 most negative mass
balances have occurred since 2013.
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Fig. 2.15. Global average annual (left axis, red bars) and cumulative (right axis, black line) mass
balance (1000 mm w.e.) of alpine glaciers for the period 1970-2022. (Source: WGMS regionally
averaged reference glacier network.)

In 2022, a negative annual mass balance was reported from 34 of the 37 reference glaciers
reported to WGMS. The mean annual mass balance of the 37 reference glaciers was -1547 mm
w.e. Reference glaciers each with at least 30 continuous years of observation are used to generate
regional averages. Global values are calculated using a single value (averaged) for each of
19 mountain regions in order to avoid a bias toward well-observed regions.

More frequent and intense heatwaves impacting glaciated ranges continued to take a toll on
alpine glaciers in 2022. Heatwaves reduce snow cover extent earlier in the melt season, exposing
ice surfaces earlier and enhancing surface darkening, both of which cause higher melt rates on
alpine glaciers (Shaw et al. 2021; Pelto et al. 2022; Cremona et al. 2023).

All 32 reporting glaciers in the Alps, Pyrenees, and Caucasus Mountains had a negative mass
balance averaging —3100 mm w.e. in 2022. In the European Alps, the combination of low winter
snowpack and several summer heatwaves generated unprecedented mass loss (sections 2b4, 7f3).
In Switzerland, the 25 days of heatwaves in 2022 are estimated to have melted 1.27+0.10 km® w.e.,
equivalent to 35% of the overall glacier mass loss that occurred during the summer, a period that
led to a 6.2% overall glacier volume loss (Cremona et al. 2023).

In Norway and Sweden, the average balance of 11 reporting glaciers was —443 mm w.e., with
three glaciers in Norway having a positive balance. Iceland completed surveys of nine glaciers;
five had a positive balance and four a negative balance, with a mean mass balance of -7 mm
w.e., close to equilibrium.
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On Svalbard, the mean loss of the four reporting glaciers was -1102 mm w.e. The negative
mass balances were due to several summer heat events (see section 5b, Sidebar 5.1), which led to
many glaciers and ice caps losing all or most of their snow cover, further accelerating mass loss

"
T

(Fig. 2.16).

In Alberta and British Columbia,
Canada, and in Alaska and Washington,
United States, 19 glaciers had a negative
mass balance, averaging -965 mm
w.e. The Alberta, British Columbia,
and Washington regions experienced
several prolonged heatwaves as they
did in 2021. Daily glacier ablation in
this region was noted as increasing by
30%-40% during heatwave periods
(Pelto et al. 2022).

In South America, mass balance
data, reported from five Andean glaciers
in Ecuador, Argentina, and Chile were
negative, with a mean of -1465 mm w.e.
The combination of drought and heat
events left many central Andean glaciers
snow free by mid-summer in early 2022.
Shaw et al. (2021) noted a significant
decline in surface albedo (section 2h1)
due to decreased fractional snow cover
that further enhances melt.

In High Mountain Asia, mass
balance measurements were completed
on glaciers in China, Kazakhstan,
Kyrgyzstan, Russia, and Tajikistan. All

Fig. 2.16. Langjokulen (La), Kvitisen (Kv), Bergfonna (Be), and
Blaisen (Bl) ice caps on the northeastern island of Edgeoya,
Svalbard, in Copernicus Sentinel-2 MSI image (RGB) on 20 Aug
2022 illustrating the lack of snow cover, limited firn areas, and
numerous annual layers. This pattern of annual layers due to
glaciers being stripped of snow cover is becoming increasingly
frequent.

20 glaciers reported negative balances, with an average of -1040 mm w.e. The negative balances
were driven by above-average melting during the May-July period.

In New Zealand, the mass balance assessed on Brewster and Rolleston Glaciers were strongly
negative at —-1125 mm and -1065 mm w.e., respectively. The end of year snowline observations on
50 glaciers was one of the five highest of the last 45 years.

Annual mass balance is reported in mm water equivalent (w.e.). A value of -1000 m w.e. per
year represents a mass loss of 1000 kg m™ of ice, or an annual glacier-wide thickness loss of

about 1100 mm yr.
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4. LAKE ICE
—S. Sharma, R. I. Woolway, J. Culpepper, and K. Blagrave

In winter 2021/22, many, but not all lakes across the Northern Hemisphere (NH) had later
ice-on dates, earlier ice-off dates, and shorter seasonal ice cover, thus continuing the pattern
observed in recent decades (Sharma and Woolway 2021; Sharma et al. 2022).

NH lakes froze on average 5.6 days later and thawed 3.2 days earlier, with 8.9 days shorter ice
duration relative to the 1991-2020 base period based on ERAS5 reanalysis data (Figs. 2.17, 2.18).
The duration of lake ice cover was the fourth shortest since the start of the record in 1980
(Fig. 2.18c). The regional variations in ice duration were consistent with NH winter air tempera-
ture anomalies. Some regions in North America, such as western Canada and Alaska, experienced
below-average air temperatures, which resulted in longer-than-average ice duration. Conversely,
many regions in Eurasia, in particular Siberia, experienced warmer-than-average conditions
that resulted in shorter-than-average ice duration (Fig. 2.17).

In situ ice records from 118 lakes distributed across North America, Europe, and Asia revealed
mixed patterns for the 2021/22 winter relative to 1991-2020. On average, across this set of 118 lakes,

(a) lce-on (b) lce-off

o] —— =
=20 -10 -5 -2 0 2 5 10 20 -20 -10 -5 -2 0 2 5 10 20
Anomaly (days) Anomaly (days)
(c) Ice duration (d) Nov—Apr air temperature

-20 -10 -5 -2 0 2 5 10 20 -4 -3 -2 -1 0 il 2 3 4
Anomaly (days) Anomaly (°C)

Fig. 2.17. Anomalies (days) in 2022 for (a) ice-on, (b) ice-off, and (c) ice duration for lakes across the Northern Hemisphere
(NH), and (d) surface air temperature anomalies (°C) for the NH cold season (Nov-Apr average), the time of year in which
lakes typically freeze. The base period is 1991-2020. In (a)-(c), green colors represent higher ice loss (i.e., later ice-on,
earlier ice-off, and shorter ice duration), and purple colors represent higher ice coverage (i.e., earlier ice-on, later ice-off,
and shorter ice duration). (Sources: ERA5, GISTEMP.)
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ice-on was 0.5 days later, ice-off was 3.5 days later, and ice duration was 3.7 days longer (Fig. 2.18).
For North American lakes on average, ice duration was 1 day longer, whereas for European lakes,
ice-on was 7.1 days longer in 2021/22 relative to 1991-2020. In Asia, Lake Suwa in Japan froze on
7 January 2022. This lake has frozen two years in a row, an event that has not occurred in a
decade, though historically the lake froze most years (Sharma et al. 2016, 2021).

We further collated in situ records from 18 mountain lakes (>1000 m a.s.l.) as Pepin et al. (2015)
suggests that high-elevation regions will experience more rapid warming than lower elevations.

On average, these mountain lakes froze
11 days later and thawed 5.3 days earlier than
the 1991-2020 baseline period (Fig. 2.18).
Lake Lunz in Austria showed particularly
strong reductions in ice cover as it only froze
for 1 day in January and 2 days in February,
freezing 41.3 days later, thawing 21.1 days
earlier, and losing 58.2 days of duration.
This lake also showed multiple freeze and
breakup events during the last two years,
which had not occurred previously in its con-
tinuous 102-year record (Kainz et al. 2017).

The Laurentian Great Lakes had 10.9%
more maximal ice coverage, relative to the
winters of 1991-2020. Lake Superior was the
most anomalous with 25% more ice coverage
in 2022, followed by Lake Ontario which had
17.8% more ice coverage (Fig. 2.19). Ice for-
mation was quite late in the Great Lakes
owing to warmer autumn water temperatures
in late 2021.

We used ice simulations from the
European Centre for Medium-Range Weather
Forecasts (ECMWF) Reanalysis version 5
(ERA5) reanalysis product (Hersbach et al.
2020) to calculate ice-on and ice-off dates, in
addition toice duration dates across NH lakes
following the methodology of Grant et al.
(2021). We obtained in situ data for 118 lakes:
Canada (4), United States (74), Estonia (1),
Finland (27), Norway (10), Sweden (1), and
Japan (1). We also obtained in situ data for
mountain lakes for the United States (8) and
Europe (10; Benson et al. 2000, updated
2022). Furthermore, we acquired annual
maximum ice cover (%) data for each of
the Laurentian Great Lakes from 1973-2022
(https://www.glerl.noaa.gov/data/ice/).
Surface air temperature data for the NH
cold season (November—April average) were
downloaded from the NASA GISS surface
temperature analysis (GISTEMP Team 2023).
Anomalies for each of our ice metrics were
calculated for the 2021/22 winter relative to
the 1991-2020 normal base period.
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Fig. 2.18. Lake (a) ice-on, (b) ice-off, and (c) ice duration
anomalies (days) from 1980 to 2022, relative to the 1991-
2020 base period, derived from ERA5 reanalysis, in situ
observations, and mountain lakes. Positive values for ice-on
suggest later freezing, whereas negative values for ice-off
and ice-duration indicate earlier ice-thaw and shorter ice
duration.
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Fig.2.19. Anomalies in Great Lakes maximum ice cover extent
(%) for the period 1973-2022, relative to the 1991-2020
base period. The black line shows the average anomaly for
all of the Great Lakes, whereas the lines in color show indi-

vidual lakes (Erie, Michigan, Superior, Ontario, and Huron).
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5. NORTHERN HEMISPHERE CONTINENTAL SNOW-COVER EXTENT
—D. A. Robinson and T.W. Estilow
Annual snow-cover extent (SCE) over NH lands averaged 24.9 million km? in 2022. This is
0.04 million km?1less than the 1991-2020 mean and 0.23 million km?below the full period of
record (1967-2022) mean (Fig.2.20; Table 2.5). This ranks 2022 as having the 24th least-extensive
cover (33rd most) on record. Monthly SCE in 2022 ranged from 47.3 million km? in January to
2.4 million km? in August (Fig. 2.21).

LB B LN L L L N L Flg 2.20_ Twelve-month running anoma"es Of

- — N Hemisphere—|
S — Euraesni];p ere monthly snow-cover extent (SCE; x 10° km?) over
= N America Northern Hemisphere (NH) lands as a whole and

Europe (EUR) and North America (NA) separately
plotted on the seventh month using values from Nov
1966 to Dec 2022. Anomalies from the 1991-2020
mean are calculated from NOAA snow maps. Mean
NH SCE is 25.1 x 10% km? for the full period of record.
Monthly means for the period of record are used for
nine missing months during 1968, 1969, and 1971
to create a continuous series of running means. The
missing months fall between Jun and Oct.

Snow cover anomaly (x 10% km?)

1970 1980 1990 2000 2010 2020

Table 2.5. Monthly and annual climatological information on Northern Hemisphere (NH), Eurasian (EUR), and North Amer-
ican (NA) snow cover extent (SCE) between Nov 1966 and Dec 2022. Included are the numbers of years with data used
in the calculations, NH means, standard deviations (std. dev.), 2022 values, and rankings. Areas are in millions of square
kilometers (km?). The years 1968, 1969, and 1971 have 1, 5, and 3 missing months respectively, thus are not included in the
annual (Ann) calculations. NA includes Greenland. Ranks are from most (1) to least extensive.

Yrs NH Mean Std. Dev. 2022 2022 NH rank 2022 EUR rank 2022 NA rank
Jan 56 471 1.5 47.3 26 24 32
Feb 56 46.0 1.8 45.8 27 22 37
Mar 56 40.4 1.8 40.0 31 33 32
Apr 56 30.5 1.7 30.9 23 32 13
May 56 19.1 2.0 18.0 40 44 23
Jun 55 9.3 2.5 5.5 53 54 51
Jul 53 3.9 1.2 2.7 45 51 43
Aug 54 3.0 0.7 2.4 43 45 38
Sep 54 5.4 0.9 5.9 14 6 45
Oct 55 18.6 2.6 18.7 25 22 34
Nov 57 34.3 2.1 37.7 4 11 3
Dec 57 43.7 1.8 43.6 37 48 13
GLUEL 53 25.1 0.8 24.9 33 34 30
Calculations
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The first four months of 2022 saw NH r—r-r—rr—rr—TrTr T T T T T
SCE rank in the middle tercile of the 50} -
56-year record. This dropped to the lower
tercile in May, and June was the third & 40 .
least extensive on record (Fig. 2.22a). g
When snowfall resumed in September = 3qf -
the SCE over Eurasia (EUR) quickly %
climbed to sixth most extensive, while 2 5q| -
North America (NA) SCE grew more 2
slowly. NH October SCE was in the middle @ 10k 56:yr mean i
tercile before both continents experi- A maximum )
enced above-normal November SCE (NA ol seyrminimum —p

1 1 1 1 1 1 1
ranking third most extensive and EUR Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan

11th; Fig. 2.22b). However, the pace of Fig. 2.21. Weekly Northern Hemisphere snow-cover extent
seasonally advancing SCE slowed con- (SCE; x 10° km?) for 2022 (black) plotted with the mean (gray
siderably across EUR in December (10th dashed line), maximum (red), and minimum (blue) SCE for each
least extensive on record), while NA con- week. Mean weekly SCE and extremes are calculated using the

. ’ 56-yr record from Jan 1967 to Dec 2022. Weekly data granules
tinued to see above-normal SCE (13th  yepresent SCE for each seven-day period ending on Monday.
most extensive).

Compared to normal, monthly SCE over the contiguous United States varied considerably
in 2022. Rankings were in the middle tercile in January, the lowest tercile in February, and was
the seventh least extensive on record in March. Melt slowed considerably in April, with the 19th
most extensive cover occurring, followed by a middle tercile ranking in May. End-of-year SCE
for the United States was above normal, ranking 11th, 6th, and 14th most extensive in October,
November, and December, respectively.

SCE is calculated at the Rutgers Global Snow Lab (GSL) from daily SCE maps produced by
meteorologists at the U.S. National Ice Center, who rely primarily on visible satellite imagery to
construct the maps (Estilow et al. 2015). Maps depicting daily, weekly, and monthly conditions,
anomalies, and climatologies may be viewed at the GSL website (https://snowcover.org).

(a) Jun 2022 (b) Nov 2022

-60 -40 -20 -10 O 10 20 40 60 -60 -40 -20 -10 0 10
Anomaly (%) Anomaly (%)

20 40 60
Fig. 2.22. Monthly snow-cover extent (SCE) departure (%; 1991-2020 base period) maps showing (a) Jun 2022 and
(b) Nov 2022. The monthly percent anomaly for a grid cell is based on the percent of days that cell was snow covered in
that month compared to the long-term climatological average of snow cover days. Jun exhibited the lowest SCE anomaly
(-3.91 million km?) during 2022, while Nov was the highest above normal (+3.79 million km?). Negative departures

indicate less SCE than normal (green) with positive departures (purple) showing areas of SCE above the 30-year mean.
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d. Hydrological cycle
1. SURFACE HUMIDITY
—K. M. Willett, A.J. Simmons, M. Bosilovich, and D. A. Lavers

In 2022, surface humidity exhibited similar levels of water vapor to 2021, as measured by
specific humidity (g). Saturation levels, as measured by relative humidity (RH), were slightly
higher than in 2021 over land, yet remained drier than the 1991-2020 average (Figs. 2.23e,f). This
finding is common to all products shown here, which comprise the in situ Hadley Centre
Integrated Surface Database Humidity (HadISDH [v4.5.1.2022f]) and the European Centre for
Medium-Range Weather Forecasts (ECMWF) Reanalysis version 5 (ERA5), Modern-Era
Retrospective Analysis for Research and Applications version 2 (MERRA-2), and Japanese 55-year
Reanalysis (JRA-55) reanalysis products. It is consistent with the similarity of global near-surface
temperatures to those in 2021 and the continuing La Nifia conditions that were mostly present
throughout both years. Relative humidity over oceans remained highly uncertain, as represented
by the spread across the two reanalysis estimates (ERA5 and JRA-55; Figs. 2.23h). Note that this
year HadISDH.marine is not included while a discrepancy linked to reduced data coverage in the
updated version is investigated.

Despite overall agreement between products for much of the more-than-40-year record,
2022 saw a continued widening of the divergence in anomaly estimates apparent from around
2019. HadISDH showed 2022 as having a slightly higher water vapor content compared to 2021 with
the specific humidity anomaly over land (g, _,) remaining wetter than the 1991-2020 average at
0.13 (0.09 to 0.17 2-sigma uncertainty range) g kg™. ERA5 placed g, , much lower at -0.01 g kg™,
identical to its estimate in 2021. ERA5 g . was slightly drier than 2021 at 0.03 gkg™'. MERRA-2and

----------------------------------------------- | RALLLALEL] LAY LoD RAALLALEL) LLLLLLLLL) LULALALLLY LALALLALE) LALLALALL) LALLALELL) LELLI
0.6 (a) In 5|tu Iand spec1f|c humldlty (b) Reanalyses Iand speC|f|c humldlty

0.4f=— HadISD +—— ERA5  —— JRA-55 -
02 | —— MERRA-2
I T B 22 2y A e L Y
-0.2
-0.4

1 ] I hl
0.6/ (c) In Sltu ocean SpeCIfIC humidity (d) Reanalyses ocean speC|f|c humldlty

0.4F=— HadISDH —-+— ERA5 = JRA-55 —
== MERRA-2

0.2
0.0
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-0.4f + -
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Fig. 2.23. Global average surface humidity annual anomalies (1991-2020 base period). For the in situ datasets 2-m surface
humidity is used over land and ~10 m over the oceans. For the reanalysis, 2-m humidity is used over the whole globe. For
ERAS5 ocean series-only points over open sea are selected. 2-6 uncertainty is shown for the HadISDH dataset capturing
the observation, gridbox sampling, and spatial coverage uncertainty. (Sources: HadISDH [Willett et al. 2013, 2014]; ERA5S

[Hersbach et al. 2020]; JRA-55 [Kobayashi et al. 2015]; MERRA-2 [Gelaro et al. 2017].)
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JRA-55 remained wetter-than-average over land and ocean, with MERRA-2 anomalies reaching
the highest at 0.19 g kg"and 0.18 gkg™ for ¢, ,and g, respectively.

In terms of saturation, all products show that RH,_, remained drier-than-average but was more
humid than in 2021. Anomalies ranged from —0.93 %rh for ERA5 to —0.33 (-0.53 to —0.13 2-sigma
uncertainty range) %rh for HadISDH. ERA5 has consistently presented drier RH,__, anomalies
than HadISDH since 2019. Over ocean, ERA5 and JRA-55 had RH___anomalies drier than average
at —0.12 %rh and more humid than average at 0.21 %rh, respectively.

Interestingly, the divergence in products is also apparent in the global land average for total
column water vapor (TCWV; section 2d2; Fig. 2.23c). ERA5 and GPS radio occultation (GPS-RO)
estimates show TCWV close to average for 2022 whereas MERRA-2, JRA-55, and the more spatially
limited ground-based global navigation satellite system (GNSS) record place 2022 much wetter at
levels comparable with the previous five years.

At least part of the reason behind the ERA5-HadISDH land divergence is driven by spatial
coverage differences. Plates 2.1g,h and Fig. 2.24 show that central South America and western
and central Africa are regions of dry anomalies in ERA5 but mostly missing gridboxes in
HadISDH. Over Africa, MERRA-2 shows mostly wet anomalies, contributing to its wetter g,_,
anomaly for 2022 which appears more comparable with HadISDH. This is similar to 2021, where
La Nifia was also present, with near-identical spatial patterns of anomalies. Plate 2.1g (using
ERA5) shows expansive dry g anomalies spreading across the central Pacific, surrounded by
expansive strong wet anomalies. These are characteristic of La Nifia and are respectively drier
and wetter in 2022 compared to 2021. Over land, wet anomalies over India extended farther west
over Pakistan in 2022 (when Pakistan had severe flooding, section 2d5) compared to 2021, and
they were also more expansive over eastern Australia and southern Africa in 2022. Dry anoma-
lies over the northern midlatitudes were similar but located farther east compared to 2021. The

(a) HadISDH (b) MERRA-2

-1.5 -1 -0.5 -0.25 0 0.25 0.5 1 1.5
Anomaly (g kg™)

(d) MERRA-2

Anomaly (%rh)

Fig. 2.24. Annual average surface humidity anomalies from the 1991-2020 average for (a),(b) specific humidity (g kg™")
and (c),(d) relative humidity (%rh). Maps for (a) and (c) are from the HadISDH in situ product that uses weather station
observations. Maps for (b) and (d) are from the MERRA-2 reanalysis product.
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south-central United States and subtropical South America experienced very dry anomalies in
2022. These were also regions suffering from drought.

Li et al. (2020) and Freychet et al. (2020) demonstrate a possible dry bias in ERA5 (and
HadISDH.land [Willett 2023a,b]) over China from the early 2000s onward when manual wet bulb
thermometers were replaced with automated RH sensors nationwide. All products contain some
degree of uncertainty. For HadISDH, this is dominated by incomplete coverage and remaining
inhomogeneity from changes to the observing system over time, despite considerable efforts
to homogenize the data (Willett et al. 2013, 2014). For reanalyses, observation sparseness and
quality and the drop in/out of data platforms over time are all sources of uncertainty. These do
not undermine the conclusion of generally increasing water vapor alongside decreasing satura-
tion levels.

Sidebar 2.1: Assessing humid heat extremes over land

—K. M. WILLETT
Extremes ofheatbased solely ontemperature have been rou- equal the air temperature. This becomes important for human
tinely monitored for some time using a wide range of Climpact health when the 7 approaches skin temperature, which is on
indices (which includes those from the World Meteorological average about 35°C. At this point the air closest to the skin is
Organization Expert Team on Climate Change Detection and then saturated, meaning that sweat can no longer evaporate
Indices; section 2b4; https://climpact-sci.org/). Although tem- from the body and therefore it is no longer an effective cooling
perature is likely the dominant factor for heat-related mortality mechanism. This is then a theoretical critical threshold above
(Armstrong et al. 2019; Lo et al. 2023), humidity can also play an which humans cannot survive, as we have no other biophysical
important role. In fact, even at more moderate temperatures, cooling mechanisms available and so would overheat rapidly
high humidity increases the overall ‘heat’ loading on the body even if inactive. In practice, the critical level of T_ for the human
and can therefore lead to negative impacts on health. Physical body to function is below 32°C (Vecellio et al. 2022).
and even mental tasks can become more difficult to complete, With this in mind, quantifying the current exposure to high
slowing the rate at which people function and increasing the T and monitoring change over time is important, as is looking
amount of rest required. The resulting decreased productivity at future potential changes given further warming. Building on
can have a negative economic impact in addition to health and the existing surface-humidity monitoring product HadISDH.
wellbeing impacts (Parsons et al. 2022). land (Willett et al. 2013, 2014), a new dataset of gridded,
Relative humidity is the level of water vapor saturation monthly, wet bulb and air temperature extremes indices from
in the atmosphere. As this depends both on the water vapor 1973 to present has been developed: HadISDH.extremes
content and the temperature of the air, knowing the relative (v1.0.0.2022f, Willett 2023a,b). By utilizing the existing frame-
humidity alone is not a useful measure in terms of heat stress. work of the Climpact indices we can assess the different
The wet bulb temperature, 7, was until recently a commonly exposures to dry versus humid heat, exploring the concept of
observed meteorological variable and can be relatively easily 'stealth heat events’, where the temperature may not be con-
calculated from standard meteorological variables in most sidered extreme but the humidity is high. Such events may not
conditions. The lower the level of saturation, the lower the T be sufficient to cause fatalities but could still impact produc-
will be compared to the air temperature. If the air is completely tivity and health. Table SB2.1 describes the core indices used
saturated (relative humidity [RH]=100%rh), then the T _ will here; more indices are available from the HadISDH.extremes.
Table SB2.1. Heat extreme indices for wet bulb temperature (T ). A bigger range of indices are available at
HadISDH.extremes dataset pages on HadOBS and CEDA (HadOBSD: www.metoffice.gov.uk/hadobs/hadisdh CEDA:
https://catalogue.ceda.ac.uk/uuid/2d1613955e1b4cd1b156e5f3edbd7e66).
Index Long name Description
TX Maximum wet bulb temperature Gridbox mean of station month maxima of daily maximum T
T X90p 90th percentile maximum wet bulb temperature Gridbox mean pf statiorT percentages of fiays whgre the.daily maximum T
w exceedance exceeds the climatological 90th percentile of daily maxima for the month
T X29 29°C maximum wet bulb temperature exceedance Gridbox mean of station percentages of days where the daily maximum T =29°C

SEPTEMBER 2023 | State of the Climate in 2022 BAMS 2. GLOBAL CLIMATE S51


https://climpact-sci.org/
http://www.metoffice.gov.uk/hadobs/hadisdh
https://catalogue.ceda.ac.uk/uuid/2d1613955e1b4cd1b156e5f3edbd7e66

HadISDH.extremes uses hourly weather station observa-
tions of wet bulb temperature that have been quality controlled
from the HadISD dataset (Dunn et al. 2012, 2014, 2016; Dunn
2019; Smith et al. 2011). Wet bulb temperature is calculated
from dew point temperature and air temperature using the
Stull (2011) formula. To ensure a high-quality final product,
only stations with sufficient data completeness are included
and the final grid boxes are filtered to remove those stations
where large inhomogeneities are present (see Willett 2023a,b
for more details). Importantly, the high-variability nature of
extremes and dependence on a single daily observation ulti-
mately means that uncertainty is larger than for monthly mean

(a) T, X25 Exceedence (actual)
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% of days over 1973 to 2022

T,X29 Exceedence (actual)

0 001 005 01 02 05 1 2 5 10
% of days over 1973 to 2022

(e) T, X31 Exceedence (actual)
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quantities such as those provided by HadISDH.land (section
2d1).

There are many regions of the globe for which high T _'is
rare or non-existent. Fig. SB.2.1 shows the percentage of days
where the T X exceeded 25, 29, and 31°C over the
1973-2022 record (panels a,c,e), and the number of days for
2022 as an anomaly compared to the 1991-2020 baseline
(panels b,d,f). Even the lower midlatitudes experience
‘'moderate’ T_ (T _X25, Figs. $B.2.2a,b), but high"T_ (T X29 and
T X31, Figs. SB.2.1c-f) are so far mostly limited to the lower
latitudes. In the Middle East, the Persian Gulf and Red Sea
regions typically experience the most frequent ‘high’ T , but

(b) T,X25 Exceedence (anomaly)
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Fig. SB2.1. Number of days where the daily maximum wet bulb temperature is equal to or exceeds set thresholds from
HadISDH.extremes. Data have been screened to remove grid boxes where temporal completeness is less than 70% (<35
of 50 yrs). (a).(c).(e) show the percentage of days over the 1973-2022 period and (b),(d).(f) show 2022 annual anomalies
compared to the 1991-2020 base period as number of days per year. Panels (a), (c), and (e) identify land regions where
there are no exceedances specifically as white grid boxes. This is different from the gray “missing data” regions.
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did not during 2022. Interestingly, the 2022 heatwave in the
United Kingdom (UK; sections 2b4, 7f2), despite record-breaking
dry bulb temperatures, remained below the T _X25 threshold
and relatively dry in terms of humidity. When averaged globally
(Fig. SB2.2a), the T X25 and T _X29 indices show significant
trends in days at 0.13+0.03 days yr' decade™ and
0.02+0.01 days yr~' decade™, respectively.

The T_X90p index is more globally applicable, though the
current (1991-2020) 90th percentiles for higher latitude grid
boxes are less likely to be at levels sufficient to cause signifi-
cant health impacts. Plate 2.1ag shows eastern North America,
the UK/Europe, India, China, Japan, much of Southeast Asia,
and eastern Australia with widespread higher-than-average
exceedances in 2022. When averaged globally (Fig. SB2.2b) it
is clear that the frequency of these ‘moderate’ humid heat
extremes are increasing, and 2022 saw a near-record-high
number of day counts, surpassed only by 1998, 2016, 2020,
and 2021. The long-term trend is 4.6+1.08 days yr—' decade™".
This time series also shows clearly that while high-humidity
heat events are more common in El Nifio years, with peaks
occurring in 1998, 2010, and 2016, the more neutral and
La Nifa years of 2020 and 2021, respectively, were actually
comparable.

The T X index shows that humid heat extremes are also
becoming more severe. The global average T X has signifi-
cantly increased since the 1970s at 0.13+0.04 °C decade~' and
was higher than average for 2022 (Fig.SB2.2¢). The spatial
anomalies (Plate 2.1ah) for 2022 follow the pattern of T X90p
generally, demonstrating that many regions are experiencing
both more frequent and more extreme humid heat events.

This new dataset, HadISDH.extremes, will be updated
annually and so can be used to track changes in the frequency
and severity of humid heat events. HadISDH.extremes also
provides equivalent dry bulb temperature indices that have
been identically processed, therefore uniquely enabling
analysis of the varying contributions of dry and humid heat to
a range of societal impacts.
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Fig. SB2.2. Global mean annual anomaly time series of
various daily maximum wet bulb temperature indices from
HadISDH.extremes relative to a 1991-2020 base period.
Decadal trends are also shown. These were fitted using
an ordinary least squares regression with AR(1) correction
following Santer et al. (2008). (a) Annual sums of the daily
maximum wet bulb temperature (T X) 225°C, 229°C, and
=31°C thresholds. (b) Annual sum of the daily maximum
wet bulb temperature exceedances of the 90th percentile
(T_X90p). (c) Annual mean of the daily maximum wet bulb
temperature (T _X) of the month.
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2. TOTAL COLUMN WATER VAPOR
—C. A. Mears, J. P. Nicolas, 0. Bock, S.P.Ho, and X. Zhou
In 2022, the global land and ocean averages of total column water vapor (TCWV) were near or
slightly above the 1991-2020 climatological averages, despite the ongoing presence of La Nifa
conditions in the tropical Pacific Ocean,

which usually reduces the TCWV due to (a) Global (60°S to 60°N)
1.0 = ERA5 = JRA-55
' === MERRA-2 === GPS-RO

lower tropospheric temperatures. In
reanalysis output, 2022 was the 8th
(MERRA-2), 10th (JRA-55), and 14th
(ERA5) highest/wettest vapor year since
1980. Time series of annual vapor anom-

alies from different products (Fig. 2.25) 10k -
. ) | EFEFETEEE BUET A S EEU AN BT SR AR AN AU AT N AT E AR A A

agree well for combined land and ocean ) Ocenn (60°8 to 60Ny 1T

averages and ocean-only averages. Over 10k — ERAS _—— Radiometer _

. . . wes MERRA-2 === GPS-RO
land, there is a considerable discrepancy

between ERA5 and GPS-RO observations,
which show a substantial decrease over
land for the Ilast two vyears, and
ground-based GNSS observations and
JRA-55 and MERRA-2, which do not show B L o S o B o A O R R
such a drop. The differences arise mainly () Ll (69 Sen GRRIL

over Africa and South America (not 1OF T Rirra2 — anes

Anomaly (kg m=2)
o
o
i

w= MERRA-2 === GNSS

shown). Similar discrepancies are 0.5 -
observed between ERA5 and 0.0—a-- AN AN NI - -
surface-specific humidity and relative

-1 -0.5 -
humidity for the last two to three years,
where ERA5 is very dry compared to =0 R S T T P T P T
MERRA-2 and HadISDH (section 2d1). 1980 1985 1990 1995 2000 2005 2010 2015 2020

The global map of TCWV anomalies Fig. 2.25. Global mean total column water vapor annual anom-
(presented as percent of annual mean alies (kg m-2) over (a) land and ocean, (b) ocean only, and
values to more Clearly show extratrop_ (C) land Only from observations and reanalyses (ERAS, MERRA-2,
ical changes) for 2022 (Plate 2.1i) shows JRA-55). The shorter time series from the observations have

been adjusted so that there is zero mean difference relative to

a strong low vapor (or dry) anomaly the ERAS results during their respective periods of record.

in the central equatorial Pacific, with
a strong high vapor (or wet) anomaly
directly to the south and west, including
much of Australia and the eastern Indian
Ocean south of the equator. Much of
the extratropical Northern Hemisphere
shows high (wet) anomalies, which are
most pronounced in the North Pacific,
northern India, and the Tibetan Plateau.

Several regions had record-high or
record-low vapor in the annual mean
during 2022. Figure 2.26 shows a global
map of the number of the three reanal-
ysis products that indicated high or low
records by evaluating annual means for Low Records High Records

the years 1980-2022. All three products Fia. 2.26. Global fth ber of Ivsi ducts (out

) ig. 2.26. Global map of the number of reanalysis products (ou
agr'ee that t.h'e central and east.ern equa- - o three) that indicated a record-low or record-high annual mean
torial Pacific Ocean experienced a total column water vapor (TCWV) anomaly during 2022 relative
record-low anomaly; the general pattern  to the 1980-2022 period.
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is consistent with typical La Nifia behavior (Mears et al. 2022), but the reasons for the strength of
the signal in 2022 are not yet understood. The dry anomaly extends into southern South America
with slightly less agreement, where it is associated with a multiyear drought in Chile and
Argentina (Heath 2022). Several regions of record-high vapor occurred over the midlatitude
oceans in both hemispheres, as well as southeast Australia, which also experienced anoma-
lously high rainfall (section 2d4), the north of New Zealand, the Bay of Bengal, and eastern
Siberia.

This assessment used three global reanalysis products: ERA5 (Hersbach et al. 2020), MERRA-2
(Gelaro et al. 2017), and JRA-55 (Kobayashi et al. 2015). Measurements made over the oceans
by satellite-borne microwave radiometers were used (Remote Sensing Systems Satellite; Mears
et al. 2018). GPS-RO observations from the Constellation Observing System for Meteorology,
Ionosphere, and Climate (COSMIC), Metop-A, -B, and -C, COSMIC2 (Ho et al. 2020a, b, 2010; Teng
et al. 2013; Huang et al. 2013) and Spire satellite missions were used over both land and ocean.
The approach to merge the RO data products from multiple RO missions into consistent climate
data records is detailed in Shao et al. (2023). The ground-based GNSS dataset (Bock 2022) used
in this analysis counts 240 stations, located mainly on continental land and a few islands, with
more than 10 years of measurements (Plate 2.1i) among which 207 are located within 60°S—-60°N
(Fig. 2.25). All three reanalyses assimilate satellite microwave radiometer and GPS-RO data and
are, therefore, not entirely independent from these two datasets. Ground-based GNSS measure-
ments are not assimilated and serve as a completely independent dataset.

3. UPPER-TROPOSPHERIC HUMIDITY
—V. 0. John, L. Shi, E.-S. Chung, R.P. Allan, S. A. Buehler, and B. J. Soden

Upper-tropospheric humidity (UTH) in 2022 was close to, or slightly below, the 2001-20 average
(Fig. 2.27a). The mean and standard deviation of 2022 anomalies was —0.25+0.28 %rh for the
satellite microwave humidity sounder dataset (Chung et al. 2013), —0.15+0.60 %rh for the satel-
lite High Resolution Infrared Sounder (HIRS) dataset (Shi and Bates 2011), and —0.17+0.33 %rh
for the ERA5 reanalysis (Hersbach et al. 2020). Over the 44-year record, the HIRS and ERAS5 time
series have statistically insignificant trends of 0.007+0.023 %rh decade and 0.008+0.020 %rh
decade™, respectively. This is consistent

with the theoretical consideration that s b
the large-scale relative humidity in the "
upper troposphere remains approxi- E 1.0
mately constant (Ingram 2010) and 3\; 0.5
implies that the absolute amount of ‘—E"_g:g_
water vapor in the upper troposphere has g 1.5
increased over time. 15
Increased upper-tropospheric water 2.0k
vapor is also depicted in Fig. 2.27b by a & 075 )
significant positive trend (+0.105+0.008 K % 65D
decade™) in the difference between mid- € 05
to upper-tropospheric brightness fl 0.00
temperature data from satellite micro- £ _ .
wave sounding unit (MSU) and advanced ~ 2 050
microwave sounding unit (AMSU) instru- & _0.75
ments (Zou et al. 2023) and the HIRS T e Levvvninn, Levvvnnnns Lo, Loy

upper- tropospheric (UT) water vapor 1380 1380 2000 2018 2028

brightness temperatures. MSU instru- Fig. 2.27. Time series of 60°S-60°N monthly mean anomaly of
ments measure the radiation emitted by ~ (2) upper-tropospheric relative humidity (%rh) for the three
oxygen molecules in the atmosphere. datasets (see text for_detalls) and (b) the difference between mid

. ' to upper-tropospheric temperature (MSU T2) and water vapor
As the concentration of oxygen is not channel (HIRS T12) brightness temperatures (K). Anomalies are
changing, the emission level of the with respectto the 2001-20 base period.
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oxygen channel (measuring UT temperature) is not changing, but as the temperature of the UT
increases with time, there is a positive trend in the measurement of this channel (not shown).
If there were no increase in water vapor, the emission level of the HIRS water vapor channel
would also stay constant in time, which, due to the UT temperature increase, would result in a
positive trend in the measurement of this channel and no trend in the difference between the
two time series. However, as the water vapor in the UT increases, the water vapor emission level
of the HIRS channel shifts higher in the troposphere and measures water vapor emissions from
a colder temperature, diverging from the oxygen emission level of MSU. Differencing the time
series removes the effect of the temperature increase and shows only the impact of the water
vapor changes (e.g., see Soden et al. 2005; Chung et al. 2014).

Monitoring of upper-tropospheric water vapor is crucial to determining one of the strongest
positive (amplifying) feedbacks contributing to anthropogenic warming due to its powerful
greenhouse effect (see Coleman and Soden 2021 for a detailed description of water vapor
feedback).

The agreement among the three UTH datasets is reasonable; the correlations of HIRS and
ERAS5 with the microwave series during their common period (1999-2022) are 0.6 and 0.5, respec-
tively, despite their structural differences. For example, satellites represent a layer-average UTH
with one satellite sampling the same location over Earth only twice a day while ERA5 represents
the 400-hPa level RH with hourly sampling. The microwave data have almost all-sky sampling
while the HIRS data sample only clear-sky conditions; this sampling difference is one reason for
the higher interannual variability in the HIRS data as illustrated in John et al. (2011). Water vapor
increases in the upper and lower troposphere since 1979 are captured by climate models when
observed sea-surface temperatures are prescribed but smaller than those simulated by coupled
climate simulations (Allan et al. 2022). This can be explained by the unusual spatial pattern
and resulting magnitude of observed warming compared to that simulated by coupled climate
models in the recent period, which included a number of strong La Nina events (Andrews et al.
2022) such as the extended event that affected 2022.

The spatial anomaly patterns (Plate 2.1j for microwave UTH; Fig. 2.28 for HIRS) relate to
large-scale weather conditions, with positive (negative) anomalies associated with wetter (drier)
conditions at the surface. This is because
one of the main drivers of UTH is convec-
tion; therefore, UTH is useful for
monitoring changes in large-scale
dynamics in the atmosphere. Clear
La Nifia patterns are visible, with positive
anomalies over the Maritime Continent
and a strong dry signal in the western
equatorial Pacific (centered near the date
line). Prevailing drought conditions over
the western United States, central
Europe, and southern China are also
reflected in lower-than-average UTH. | | |

o . -1 -05 0 05
Drought conditions affecting parts of Anomaly (%rh)
South America and Angola/Namibia in

‘z:?’."-l -/,

u’l ”

k= asaly | L,
"= R\ iy 'u-'..l-ll"

Africa in 2021 may be associated with Fig. 2.28. Upper-tropospheric humidity anomaly map (%rh) for

low UTH in these regions during 2022,
yet severe drought affecting East Africa
in 2022 is not, implying that the link between UTH and dry conditions is complex. Higher-than-
average UTH over Pakistan, Nigeria, eastern Australia, and northern Brazil are associated with a
series of substantial rainfall events with associated flooding in 2022.

period.
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4. PRECIPITATION
—R. S. Vose, R. Adler, G. Gu, U. Schneider, and X. Yin

Precipitation over global land areas in 2022, as estimated from two different monitoring
products, was near or slightly below the 1991-2020 long-term average (Fig. 2.29a). In particular,
the gauge-based product from the Global Precipitation Climatology Centre (GPCC; Becker et al.
2013) had an anomaly of —4.34 mm for 2022, and the blended gauge—satellite product from the
Global Precipitation Climatology Project (GPCP; Adler et al. 2018) had an anomaly of —0.11 mm.
Both products indicate that mean global
land precipitation in 2022 was less
negative than in 2021.

According to the GPCP product, the
precipitation anomaly over the global
ocean (Fig. 2.29b) was -18.03 mm, and
the overall global (i.e., land plus ocean)
anomaly (Fig. 2.29c) was -13.02 mm.
Both anomalies are less negative than
the previous year. The negative ocean
and global anomalies are typical
of La Nina, wherein below-normal
sea-surface temperatures in the eastern
tropical Pacific Ocean are associated
with suppressed convection and rainfall.
Overall, the GPCP product ranks 2022 as
the fourth-driest year in the global record
(Fig. 2.29¢), which begins in 1979.

Over global land areas, the highest
positive precipitation anomalies in
2022 were across northern South
America and the Maritime Continent,
and the greatest negative precipitation TICTTRTTTRT Ly imvisg; PYRTTIRTT PEPINTTIY Loy
anomalies were over western and central 193¢ 1330 2000 2010 2020

North America, central South America, Fig. 2.29. Globally averaged precipitation anomalies (mm yr;

western Europe, and parts of southern 1991-2020 base period) over (a) land, (b) ocean, and (c) the
and eastern Africa (Plate 2.1K). Over the globe (land and ocean). Land and ocean time series were created

. - o using a proportional land/sea mask at the 1° x 1° scale.
global oceans, high positive precipita-

tion anomalies extended from the eastern Indian Ocean southeastward to the tropical western
Pacific Ocean. Parts of the equatorial Atlantic Ocean and the Southern Ocean near South
America were also much wetter than average. In contrast, large negative precipitation anomalies
were apparent over much of the central Pacific Ocean and the western Indian Ocean and, to a
somewhat lesser extent, over parts of the north Atlantic Ocean.

La Nina, along with the Indian Ocean dipole, influenced precipitation patterns across the
globe again in 2022, particularly in the tropics. The current La Nifia began in 2020, and while
it has varied in intensity since that time, there is a notable resemblance between the annual
precipitation anomaly patterns of the past two years. For example, wetter-than-normal condi-
tions once again extended from the Maritime Continent into the South Pacific Ocean and from
northern South America into the equatorial Atlantic Ocean. Likewise, much of the central Pacific
Ocean near and south of the equator were drier than normal again in 2022, as was much of the
North Atlantic Ocean. The largest anomalies at the core of these wet and dry features exceeded
500 mm per year. These tropical La Nifia features in 2022 helped to fuel frequent flood and land-
slide conditions (section 2d5), for example, in Indonesia and Malaysia, Indochina, southern
India, Pakistan, and the southeast quadrant of Australia. Floods and landslides were also more
prevalent across northern South America and eastern Brazil.

TTTTTTTTTTT [T T T [T T [T T 7T
= GPCC === GPCPv2.3

Anomaly (mm yr1)
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5. LAND SURFACE PRECIPITATION EXTREMES
—M. R. Tye, S. Blenkinsop, M. G. Bosilovich, M. G. Donat, I. Durre, C. Lennard, I. Pinto, A. J. Simmons, and

M. Ziese

Continuing La Nifia conditions (see Sidebar 3.1 and section 4b for details) contributed to lower
maximum-intensity rainfall than the 1991-2020 mean in South America and southern Africa and
higher maximum-intensity rainfall in eastern Australia (Plate 2.11; Figs. 2.30, 2.31), continuing
the pattern from recent years. Some regions with less intense rainfall extremes than average,
such as Bangladesh, China, southern Europe, and the central and southwestern United States,

also experienced wide-spread drought, exac-
erbating the resultant floods and landslides
when extreme precipitation occurred over
dry land.

Here, we focus on rainfall intensity
indices: Rxlday (maximum rainfall in
24 hours) and Rx5day (maximum accumu-
lated rainfall over five consecutive days).
These metrics reflect strong potential for
societal impacts from flooding. We use a com-
bination of gauge-based (Global Historical
Climatology Network daily [GHCND], Menne
et al. 2012; GPCC, Ziese et al. 2022), reanal-
ysis (ERA5, Hersbach et al. 2020; MERRA-2,
Gelaro et al. 2017) and satellite (Climate
Hazards Group InfraRed Precipitation with
Station data [CHIRPS], Funk et al. 2015) data.
Records demonstrate that a proportion of
the globe experiences extreme precipitation
in any given year. The reported events were
exceptional in terms of Rx1Day and Rx5Day
but are not a comprehensive list. Details on
extreme flooding events can also be found in
Chapter 7.

Pakistan received around three times its
normal volume of monsoon precipitation in
August (ECMWF 2022), with some regions
receiving up to eight times their expected
monthly totals (PMDNWEC 2022). It was the
wettest August since Pakistan records began
in 1961. Figures 2.30 and 2.31 (and Plate 2.11)
show widespread strong positive Rx5day
anomalies over the region. The monsoon
axis was farther south than normal and
was accompanied by a strong land/sea heat
contrast (PMDCDPC 2022). Approximately
15% of the South Asia region (as defined in
Iturbide et al. 2020) received Rxlday and
Rx5day precipitation totals up to 2.5 times
greater than their previous records. Recent
analysis indicates that Rx5day over the Sindh
and Balochistan provinces is now about 75%
more intense than it would have been without
climate change (Otto et al. 2022). Similar to
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Fig. 2.30. Annual maximum five-day precipitation (Rx5day)
as a percentage of the 1991-2020 average for (a) the globe
and over Europe and South Asia in (b) 2010 and (c) 2022.
(Source: ERA5S.)
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the 2010 La Nina, the duration and intensity of the most extreme rains over Pakistan in 2022 were
abnormally high, while net monsoon rains over Bangladesh were below average (Rajeevan et al.
2011; Figs. 2.39b,c). Heavy rains in south and east China in June exceeded decades-old records
(NCEI 2023; Fig. 2.30a), continuing a pattern of above-average Rx1day observed in this region in
2020 and 2021.

Australian floods in Queensland and eastern New South Wales between February and March
caused 22 fatalities and were the costliest on record for the insurance sector (Aon 2023). Several
locations had Rx5day >1000 mm during February, with Brisbane receiving 677 mm over three
days and some locations doubling their previous five-day annual record (Fig. 2.31). Further
flooding occurred in eastern Australia during October and November, with around 11% of
Victoria gauges and 13% of New South Wales gauges reporting record Rx1day totals over the two
months and around 67% of the area in the top 1% of recorded daily totals (Bureau of Meteorology
[BOM] 2023; Plate 2.11; Fig. 2.30a).

Floods and landslides occurred following heavy rainfall between 11 and 13 April over south-
eastern South Africa (OCHA 2022a). Rx1day at Pennington South (307.2 mm) and at King Shaka
Airport (221.2 mm) were more than three and four times their previous daily records, respectively
(SAWS 2022). This resulted in more than $3.6 billion in economic loss and 455 fatalities (Aon 2023).
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Fig. 2.31. Annual maximum five-day precipitation record-breaking totals from GHCN over southeastern Australia in Feb
2022 for (a) absolute values (mm) and (b) ratios to the previous record; (c) GPCC global Rx5day anomalies from 1981-2022
mean (mm); and (d) MERRA-2 global Rx5day anomalies from 1991-2020 mean (mm).
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Heavy rainfall associated with a succession of four tropical cyclones between January and
February 2022 over Madagascar, Mozambique, and Malawi caused severe humanitarian impacts
and infrastructure destruction (see sections 4g6 and 7e5 for details).

Despite a wetter-than-average autumn over some parts of western and northern Europe,
drier-than-average conditions persisted over most of Europe (section 7f) and were accompanied
by ~67% of the Mediterranean and southern Europe region experiencing Rx1day up to 70% lower
than normal (Plate 2.11; Fig.2.30a). Exceptions to this pattern were Spain and Portugal during
December. NOAA’s Climate Extremes Index component 4 (CEI4; Gleason et al. 2008) reported a
slightly above-average year (12% compared to the long-term mean of 10.4%) for the percentage of
the contiguous United States experiencing extreme one-day precipitation. While some regions
had record-breaking values of CEI4 in summer and autumn, they do not include those affected
by Hurricanes Fiona and Ian. Hurricane Ian was the second-costliest disaster on record (see
Sidebar 4.1), bringing exceptional Rx1day and Rx5day to Florida as evidenced in Fig. 2.30a and
Plate 2.11.

6. CLOUDINESS
—C. Phillips and M. J. Foster

Cloudiness in 2022 was at its lowest coverage since the Pathfinder Atmospheres — Extended
(PATMOS-x v6.0; Foster et al. 2023) satellite record began in 1980, with a mean global cloud area
fraction of 65% (Figure 2.32). Dataset reliability is lower this year (see below), but the Clouds
and the Earth’s Radiant Energy System Energy Balance and Filled (CERES EBAF) record, begin-
ning in 2000 supports this by showing 2022 as having the second-lowest amount of solar
radiation reflected by clouds relative to
clear-sky. The eruption of the large

Hunga Tonga-Hunga Ha‘apai volcano in o ' ' ' ' ' ' '

the South Pacific, which ended on 691

15 January, had the potential to impact & gl

the global or regional cloud amount, and =

a sharp decrease in global cloudiness % 67

was observed afterwards. However, Plate £ 661

2.1m and closer spatial analysis did not g

indicate any definitive connection to the =~ < 65

eruption. 3 - |
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from space. Most relevant here, the Aqua

satellite used previously (Platnick et al.  Fig.2.32.Global mean cloud area fraction (%). (Source: PATMOS-x

2015; Phillips and Foster 2022) started to V6.0 [Foster et al. 2023].)

drift significantly in orbit. The effective

sampling time-of-day is no longer stable, and systematic diurnal variation of cloudiness must
be accounted for. The PATMOS-x v6.0 cloud climate dataset (Foster et al. 2023) is used instead.
Its constituent satellites also suffer from severe orbital drift and intersatellite differences, but
the record starts in 1980 and is thus much longer than Aqua Moderate Resolution Imaging
Spectroradiometer (MODIS), which begins in 2002.

Differences in sensors can make comparison difficult, as the errors in cloud area fraction are
likely to be systematic and conditional on the cloud type, time of day, scan angle, surface type,
etc. This is exemplified by the differing trends between the PATMOS-x cloudiness (Fig. 2.32) and
the Aqua MODIS-C6.1 cloudiness. PATMOS-x shows a long-term decline in cloud area fraction,
whereas Aqua MODIS-C6.1 previously showed an increase (Phillips and Foster 2022), and the
drifting Aqua MODIS-C6.1 recorded the most cloud coverage on record for 2022 (not shown). For
context, Fig. 2.33 shows the cloud radiative effects from CERES EBAF-top-of-atmosphere
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Ed4.2 through December 2022 (Loeb et al. 2018). Cloud radiative effect in this case is defined as
the difference between average clear-sky observed radiative flux and average all-sky observed
radiative flux. Shortwave cloud radiative effect (SWCRE) in 2022 was the second highest since

the record began in 2000. This means
that clouds had an anomalously large
warming effect (less cooling) in the
shortwave as a result of reflecting less
radiation back out to space and permit-
ting more toreach the surface. Conversely,
the longwave cloud radiative effect
(LWCRE) in 2022 was the second lowest.
This corresponds to clouds having a
stronger cooling effect (less warming) in
the longwave as a result of permitting
more radiation out into space and
trapping less close to the surface. Added
together, the shortwave and longwave
cancel out such that the cloud radiative
effect in 2022 was close to the mean value
(+0.05 Wm™). More details on radiative
flux and energy budget can be found in
section 2f1.

Note that the cloud radiative effect can
vary as the surface warms and/or changes
albedo (section 2h1) without any change
in cloud properties at all. However, if the
cloud area fraction is indeed decreasing
(as measured by PATMOS-x), this is
consistent with the observed positive
shortwave and negative longwave cloud

(a) SWCRE

Anomaly (W m2)

Anomaly (W m)

---- -0.38 W m? decagle? —— Total CRE = LWCRE™]
I B PR R [
2000 2004 2008 2012 2016 2020 2024

Fig. 2.33. Cloud radiative effect (CRE) anomaly (W m-2) from
the dataset CERES EBAF Ed4.2 (Loeb et al. 2018) representing
the changes in top-of-atmosphere radiative forcing that are
attributable to clouds (which could include both changes to
clouds themselves and surface changes masked by clouds).
Positive values indicate (a) cloudiness-related warming through
more radiation reaching the surface and less being reflected
back out to space (SWCRE, blue line) or (b) more being trapped
close to the surface rather than escaping out to space (LWCRE,
orange line). Gray line is total CRE. Negative values indicate

i cloudiness-related cooling.
radiative effect. Fewer clouds mean more

absorbed solar radiation as opposed to reflected and also more longwave emission to space from
the warm surface. Cloudiness has long been a difficult essential climate variable to quantify, and
we conclude that uncertainty remains large.

7. LAKE WATER LEVELS
—B. M. Kraemer, H. A. Dugan, S. La Fuente, and M. F. Meyer

For 264 of the world’s largest lakes, the 2022 mean water-level anomaly was 1.59 m above the
1992-2002 baseline, with 67% having higher-than-average levels (data from Birkett et al. [2022];
Birkett and Beckley [2010]; Crétaux et al. [2011]). Water-level anomalies ranged widely from
—-65.75 m to +157.02 m, with the most extreme anomalies due to reservoir filling and drainage.
The median water-level anomaly was +0.28 m with an interquartile range of —-0.14 m to +1.12 m.
These measurements support understanding of global hydrological changes, water availability,
drought, and the impact of human water diversions on lake water levels. Climate change affects
these water levels by altering global precipitation patterns (Konapala et al. 2020) and increasing
atmospheric water loss from inland waters due to higher evaporation rates (Zhao et al. 2022;
Sharma et al. 2019).

Water-level anomalies in lakes varied greatly but with some regional consistency (Plate 2.1n).
Lakes in the western United States, southern South America, the Middle East, and the Caucasus
in eastern Europe had consistently below-normal water levels, due to a combination of a surface-
vapor pressure deficit (as seen in Plate 2.1 and section 2d1), enhanced water evaporative loss,
reduced precipitation, increasing human water use, and other factors (Friedrich et al. 2018;
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Khazaei et al. 2019; Pisano et al. 2020). The largest negative volumetric anomalies (water-level
anomalies multiplied by static lake surface area from HydroLAKES; Messager et al. 2016) were
all in the Middle East, including the Caspian Sea, Aral Sea, and Lake Urmia (Fig. 2.34). Lakes in
Canada, the tropics, and southern Asia tended to have positive water-level anomalies. The six
largest positive volumetric anomalies were all found in tropical Africa: Lakes Victoria,
Tanganyika, Malawi/Nyasa, Turkana, Volta, and Nasser (Fig. 2.34) due to years of above-average
precipitation (although the tropical African precipitation anomaly for 2022 was not above
average, as seen in Plate 2.1k). Positive water-level anomalies can be explained in general by
climate variability and change through increasing heavy precipitation, as well as by dam man-
agement and reductions in human water demand (Vanderkelen et al. 2018). Snowmelt may also
contribute to higher water levels in northern and high-altitude regions (Zhang et al. 2019;
Woolway et al. 2020; Kraemer et al. 2019). In general, the global patterns in water-level anoma-
lies with radar altimetry match those observed using data from the Gravity Recovery and Climate
Experiment (GRACE) satellite mission (as seen in Fig. 2.34 and section 2d8; Landerer and
Swenson 2012) with exceptions in East Africa and northern North America where local lake con-
ditions may cause water levels to diverge from terrestrial water storage patterns.

To detect water-level anomalies for 2022, we used radar altimeter measurements obtained from
the NASA/CNES Topex/Poseidon and Jason satellite missions through the Global Reservoir and
Lake Monitoring (G-REALM; https://ipad.fas.usda.gov/cropexplorer/global_reservoir/) project
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Fig. 2.34. Lake water-level anomaly (m) time series for 264 globally distributed lakes ranked by their 2022 anomaly
relative to the 1992-2002 mean (based on data from Birkett et al. 2022; Birkett and Beckley 2010; Crétaux et al. 2011). Of
the 264 water level time series, 106 had substantial data gaps from 2003 to 2008 due to changes in the orbital pathways
of the satellite altimeters during that time period. The subset of lakes that are named on the y-axis of (a) and plotted in
(b) are those with the 10 largest anomalies (either positive or negative) when water levels anomalies were weighted
by the surface area of each lake. The time series plots (b) are sorted by volumetric anomalies with the largest positive
anomaly on the top and the largest negative anomaly on the bottom.
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version 2.5 (Birkett et al. 2022; Birkett and Beckley 2010) and Theia's Hydroweb database (down-
loaded 16 January 2022; https://hydroweb.theia-land.fr/; Crétaux et al. 2011). Lake surface areas
are from the HydroLAKES database (Messager et al. 2016). The 264 lakes in this analysis contain
more than 90% of Earth's liquid surface freshwater (Messager et al. 2016), have the longest (31+
years) and highest resolution time series, and are updated in near real-time. Water levels are
usually measured every 10 days, but with some lake-to-lake variation. To ensure consistency, the
lake time series were linearly interpolated to daily timescales. Due to changes in orbital pathways
of the satellite altimeters, 103 of the 264 lakes had substantial data gaps from 2003 to 2008,
thus a period before these gaps (1992-2002) was used as the baseline for calculating anomalies.
Monitoring lake water levels on-site is important for verifying and adjusting satellite estimates
of long-term water level changes. However, the lack of readily available, machine readable, and
near-real-time data limits our ability to monitor global-scale changes using only on-site data.
Comparisons between satellite altimeter and on-site measurements have a root mean square
error of ~5 cm for large lakes (Birkett and Beckley 2010).

Satellite radar altimeters are an effective tool for monitoring volumetric change in inland
waters, as they provide frequent coverage regardless of cloudiness. However, most satellite
altimeters were designed for mapping ocean heights and are best used to monitor the largest
lakes (Crétaux et al. 2011; >1000 km?). By chance, 155 smaller lakes (10 km?>-1000 km?) are also
included here because they had enough overpasses. Multispectral satellites like LandSat-8/9 and
Sentinel-2 can detect changes in lake area (Khandelwal et al. 2022; Pekel et al. 2016; Meyer et al.
2020) at high-resolution (30 m) and frequent coverage (10 days-16 days), but require cloud-free
conditions. The December 2022 launch of the Surface Water and Ocean Topography (SWOT)
satellite is anticipated to revolutionize lake water-level monitoring due to its high spatial reso-
lution (50 m) and frequent coverage (<21 days) (Biancamaria et al. 2016). Meanwhile, efforts to
harmonize existing lake water-level data sources and develop tools to improve accessibility will
enhance our understanding of water cycle variations.

8. GROUNDWATER AND TERRESTRIAL WATER STORAGE
—M. Rodell and D. N. Wiese

Terrestrial Water Storage (TWS; the sum of groundwater, soil moisture, surface water, snow,
and ice) reached 20-year highs or lows in several regions in 2022. Changes in mean annual TWS
between 2022 and 2021 are plotted in Plate 2.10 as equivalent heights of water (cm). Drought
and heat continued to affect southern Europe in 2022, with TWS reaching 20-year lows in the
Danube River basin and in the Alps. Drought in western Iran also worsened with another year
of large TWS losses (some >9 cm). Above-normal precipitation provided some relief to western
Russia, but TWS remained below average. Large increases in TWS (some >12 cm) were seen in
Southeast Asia, due in part to the heaviest rain in 60 years falling in southern China in June and
Typhoon Noru causing flooding in Vietnam and Laos in September (see section 7g for details).
TWS in central and southern India approached 20-year highs as well. Extreme drought struck
the Yangtze River basin in the summer of 2022, causing the river to reach record-low levels and
severely depressing TWS in the region. Southeastern Australia had a very wet year, with multiple
episodes of extreme rain and flooding contributing to 20-year high TWS in the Murray-Darling
River basin by the end of the year. Conversely, north-central Australia became notably drier
(section 7h4). Wet weather caused TWS increases in the northern portion of sub-Saharan Africa
and in South Africa, with the latter experiencing record-breaking rainfall in April. Drought
affected a large area of south-central Africa centered on Lake Tanganyika, diminishing TWS, yet
TWS remained above normal in almost all of sub-Saharan Africa. In North America, dry weather
caused TWS declines up and down the U.S. Central Plains, while previously elevated TWS
dropped closer to normal levels in the eastern United States. As a result, TWS in the Mississippi
River basin dropped to a 20-year low, as water levels in October in the lower Mississippi River
itself were the lowest since at least 1988. TWS in the southwestern United States was nearly
unchanged from the low levels in that region in 2021. TWS increased in south-central Canada
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and decreased in north-central Canada. In South America, eastern Brazil gained a huge amount
of water, exceeding 12 cm over a large area, while northern Brazil added to already elevated
TWS levels. Much of the western half of the continent’s TWS experienced declines due to subpar
rainfall.

Figures 2.35 and 2.36 depict zonal-mean and global-mean TWS anomalies, respectively, since
April 2002 after removing the seasonal cycle. Data gaps occur during the interim between the
GRACE and GRACE-FO missions and when onboard instruments were shut down for various
reasons. In addition to excluding from these averages TWS declines associated with ice sheet
and glacier losses in Antarctica, Greenland, the Gulf Coast of Alaska, and polar islands (as per
Rodell and Wiese 2022), more areas where glacier ablation caused long-term trends in High
Mountain Asia, western Canada, and in the southern Andes were also excluded this year. Most
notably, 2022 witnessed intensification of both a dry zone between about 25°N and 45°N and a
wet zone between about 8°S and 15°N (Fig. 2.35). The former is attributable to TWS declines in

the central and eastern United States,
southern Europe, the Caspian Sea and
adjacent lands, and eastern China. The
latter was caused by TWS gains in eastern
Brazil, northern sub-Saharan Africa,
southern India, and southeastern Asia.
South of that zone of wetness, dryness
that began in 2019 or earlier appears to
be abating, also owing to TWS gains in
eastern Brazil. At the global scale
(Fig. 2.36), TWS, excluding ice sheets and
glaciers, fluctuated by about 1 cm
throughout the year, remaining stable
with respect to 2021 and somewhat low
overall.

TWS is a useful indicator of hydrocli-
matic variability because it reflects the
integrated effects of weather over months
to years. Groundwater and terrestrial
water storage are not well monitored at
regional and larger scales using conven-
tional approaches, but the GRACE and
GRACE Follow-On satellite missions have
provided global, monthly time series of
TWS anomalies (departures from the
long-term mean) since 2002 (Tapley et al.
2004; Landerer et al. 2020). On a monthly
scale, uncertainties are typically around
1 cm to 2 cm equivalent height of water
over a 500,000 km? region at midlati-
tudes (Wiese et al. 2016). Groundwater
typically dominates the interannual vari-
ations in TWS except in the wet tropics
(dominated by surface water) and high
latitude and alpine regions (dominated
by ice and snow; Getirana et al. 2017).
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anomalies, excluding those in Antarctica, Greenland, the Gulf
Coast of Alaska, polar islands, and major glacier systems, in cm
equivalent height of water (cm), based on gravity observations
from GRACE and GRACE-FO. Anomalies are relative to a 2003-20
base period.

— T T T T T T T T T T T T T T T T
21 === GRACE === GRACE FO_]

Anomaly (cm)

M B TS R T T N
2005 2010 2015 2020
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9.SOIL MOISTURE

—P. Stradiotti, W. Preimesberger, R. van der Schalie, R. Madelon, N. Rodriguez-Fernandez, M. Hirschi,
A. Gruber, S. Hahn, W. A. Dorigo, R. A. M. de Jeu, and R. Kidd
The year 2022 saw a global increase in average soil moisture for the fourth consecutive year,
with conditions close to the previous wet record of 2011 and of similar magnitude in both the
Southern and Northern Hemisphere (SH and NH; Fig. 2.37). The year was generally a continua-
tion of 2021 (van der Schalie et al. 2022), the largest difference between the two consisting of a
transition from below- to above-average soil moisture (compared with the 1991-2020 base period)

in parts of the SH (Fig. 2.38).

The third consecutive La Nifia year (2020-22; see Sidebar 3.1 for details) brought about distinct
patterns of precipitation (section 2d4) resulting regionally in above-average soil moisture. This

was the case for eastern Australia, where
wetter-than-normal conditions persisted
throughout the year and turned into localized
strong positive anomalies (above 0.1 m?> m=;
Supp. Fig. A2.8). Widespread strong positive
anomalies of similar magnitude also char-
acterized most of South and mainland
Southeast Asia since the start of the year,
linked to the effect of La Nifia on rainfall
in the wet season (Hrudya et al. 2021). With
the onset of the Indian summer monsoon,
these conditions shifted from central and
southern India to northwestern India and
Pakistan, coinciding with severe floods
(Smiljanic et al. 2022). Consistent with 2021,
southeastern Africa (including southern
Mozambique and South Africa) experienced
a wetter-than-usual phase starting in April
and characterizing the whole dry season
until November. Northeast Brazil started
the year with strong wet anomalies that
dried to average conditions by April, only to
strengthen again in November and December.
Areas of above-average soil moisture were
also noticeable in eastern Europe and in the
coastal regions surrounding the Yellow Sea
for most of 2022.

While on average 2022 recorded
wetter-than-normal soil moisture conditions,
dry conditions were dominant in several
regions. The Great Plains of central North
America experienced notable below-average
conditions (consistent with the deeper
layers; section 2d8) that worsened during
the year. These likely intensified the summer
heatwaves affecting the region through local
land-atmosphere interactions (Benson
and Dirmeyer 2021). The strong (below
-0.1 m*> m~) dry anomalies developed in the
southern Great Plains and moved northward,
reaching Montana and the Canadian Prairies
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Fig. 2.38. Time-latitude diagram of monthly surface soil
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the period 1991-2022. Data are masked where no retrieval
is possible or where the quality is not assured and flagged,
for example due to dense vegetation, frozen soil, or radio
frequency interference. (Source: C3S Soil Moisture.)
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in autumn. This aggravated the water deficit of the region for the second consecutive year (van
der Schalie et al. 2022). Persistent dry conditions also continued in southern South America
and were especially pronounced in the Rio Parana basin and Patagonia, now in a four-year-
long drought spell (Naumann et al. 2021). In eastern Africa, the Indian Ocean dipole (IOD) is
one of the main drivers of intra-annual climatic variability along with the El Nifio—Southern
Oscillation (Nicholson 2017; Marchant et al. 2007; Anderson et al. 2022). The negative I0D mode,
which lasted until October 2022 (see section 4f for details), is consistent with the below-average
soil moisture observed for most of the Horn of Africa, northern Mozambique, and Madagascar,
developing into very dry conditions toward the end of the year. Negative anomalies for the region
are a continuation of the severe droughts in recent years (Anderson et al. 2022). Mild negative
anomalies remained steady throughout 2022 around the Mediterranean Sea regions (Spain,
northern Morocco, Libya, and Tunisia). In large parts of China and northern Asia, widespread
negative anomalies persisted and intensified in the eastern Siberian tundra region at the end of
the boreal autumn. However, the strong negative water deficit in the Yangtze River basin (section
2d8) is not as visible in the surface layer.

A strong intra-annual variation was observed in western and northern Australia, with average
to very dry conditions (below —0.1 m> m~) in the first part of the year giving way to slightly
positive anomalies from mid-year. A similar progression was observed for the Arabian Peninsula
and the Persian plateau, northern Europe (Scandinavian peninsula), and the southern Sahel
regions. In contrast, the Pacific Northwest region started 2022 with above-average conditions,
which subsided toward the boreal summer, turning to below-average soil moisture by the end
of the year.

Soil moisture was observed by microwave satellite remote sensing of the upper few centime-
ters of the soil layer, as provided by the COMBINED product of the Copernicus Climate Change
Service (C3S) v202012 (Dorigo et al. 2017). C3S combines multi-sensor data in the 1978-2022 period
through statistical merging (Gruber et al. 2017, 2019). Wet and dry anomalies here refer to the
positive and negative deviations respectively from the 1991-2020 climatological average.

10. MONITORING GLOBAL DROUGHT USING THE SELF-CALIBRATING PALMER
DROUGHT SEVERITY INDEX
—J. Barichivich, T. ). Osborn, 1. Harris, G. van der Schrier, and P. D. Jones
The self-calibrating Palmer Drought Severity Index (scPDSI) over the period 1950-2022 shows
that the ongoing increase in global drought since mid-2019 (Barichivich et al. 2020, 2021) reached
a new historical peak in October 2022
(Fig. 2.39), surpassing the peak in August
2021 (Barichivich et al. 2022). A historical
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North America remained mostly unchanged from 2021 to 2022, but worsened in Europe, parts of
South America, and the midlatitudes of Asia (Fig. 2.40). Despite persistent drought conditions in
western North America, California experienced a milder fire season than in 2021 (section 2h3)
but the west-east moisture contrast
observed across the United States since
2017 persisted (Plate 2.1q). In South
America, earlier drought hot spots
through most of Chile and around the El
Gran Chaco region in northern Argentina
intensified (Barichivich et al. 2022). The
record-breaking megadrought of central
Chile reached its 13th consecutive year in
2022, and 80-year record-low river levels
in northern Argentina and Paraguay
(e.g., Bermejo and Parana) disrupted
fluvial transport. 3

A persistent lack of precipitation in Change in categories from 2021 to 2022 (scPDSI)
large areas of Europe from winter to

4 wet

Fig. 2.40. Change in drought (self-calibrating Palmer Drought

summer, together with warmer-than-  geyerity Index [scPDSI]) from 2021 to 2022 (mean scPDSI for
usual conditions and a sequence of 2022 minus mean scPDSI for 2021). Increases in drought severity

heatwaves (sections 2b4, 7f) triggered a  are indicated by negative values (brown), decreases by positive

severe-to-extreme drought (Plate 2.1q).
At its peak, the drought affected more
than two-thirds of Europe, becoming one
of the worst historical droughts in France, Spain, Germany, and Italy. In northern Italy, the Po
River and canals in Venice reached record-low levels. The drought did not extend into northern
Europe, where wet conditions across Fennoscandia continued through 2022. In northern Africa,
previous moderate drought intensified to extreme drought along the Mediterranean coast from
Morocco to Tunisia (Plate 2.1q). Most of the Middle East from eastern Turkey to Pakistan also saw
an intensification of drought to severe or extreme conditions.

Although changes in moisture anomalies through tropical Africa are uncertain due to the
sparse coverage of meteorological station data, this region largely saw a continuation of the
wet conditions that began in 2019 (Plate 2.1q). In southern Africa, drought conditions seen
since 2018 continued through 2022 but eased slightly compared to 2021 (Fig. 2.40). In Australia,
previous drought eased in the east but most of the country continued under moderate drought
during 2022 (Plate 2.1q). In contrast, India and Southeast Asia experienced predominantly wet
conditions. The Yangtze River basin in central-eastern China saw severe drought as a result of
precipitation deficit combined with an extreme heatwave, though most of northern China saw
wet conditions (see section 7g and Sidebar 7.2 for details). Previous moderate-to-severe drought
in parts of northeastern Siberia and the Russian Far East continued in 2022 (Plate 2.1q).

The update of the scPDSI (Wells et al. 2004; van der Schrier et al. 2013) for this year uses global
precipitation and Penman-Monteith Potential Evapotranspiration (ET) from an early update
of the Climatic Research Unit gridded Time Series (CRU TS) 4.07 dataset (Harris et al. 2020). It
incorporates new estimates of some variables in CRU TS4.07 compared with CRU TS4.06 used
last year, affecting potential ET via an improved baseline climatology for cloud cover. These
revisions modify the scPDSI drought index values throughout, notably a small reduction in the
global areas of moderate and severe drought that is consistent throughout the time series.

approximately zero mean precipitation).
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11. LAND EVAPORATION
—D. G. Miralles, A. Koppa, H. E. Beck, and M. F. McCabe

Around two-thirds of the precipitation that falls over land is returned to the atmosphere
through evaporation (Dorigo et al. 2021). Understanding the spatial and temporal dynamics of
evaporation is of key importance for agriculture and water management, as well as for diag-
nosing the influence of short-term climate variability and long-term climate changes on water
resources (Miralles et al. 2014). In 2022, most land regions experienced positive (more than
normal) evaporation anomalies relative to the 1991-2020 reference period (Plate 2.1r). Abnormally
high values were observed in Amazonia, Southeast Asia and India, southern Africa, and eastern
Australia. Most of these anomalies were linked to high precipitation (section 2d4) and coincided
with reports of extreme-intensity events and floods (section 2d5). In the Amazon, precipitation
enhances evaporation mainly through its influence on interception loss—the vaporization of rain
stored on tree canopies and understory vegetation. For drier regions, such as eastern Australia
or southern Africa, positive soil evaporation and transpiration anomalies occurred mostly in
response to increased soil moisture availability (section 2d9). Conversely, anomalously low
evaporation was observed across the Horn of Africa, the U.S. Central Plains, and parts of Brazil
and Argentina. In water-limited regions, negative anomalies in evaporation are mainly caused
by below-average precipitation (Orimoloye et al. 2022). In the Horn of Africa, the abnormally
low evaporation can be linked to a prolonged meteorological drought that has already persisted
for five consecutive rainfall seasons (section 7e; Anderson et al. 2023). Interestingly, despite the
summer drought and heatwave events striking western Europe (sections 2d10, 7f2), no anoma-
lously low evaporation was recorded in the region.

The global mean land evaporation in 2022 was above the 1991-2020 mean, and even above
the expectation based on the positive 1980-2021 trend. This 28 mm yr global mean anomaly is
in fact the largest on record (Fig. 2.41). The geographical patterns shown in Plate 2.1r are typical
of La Nifia conditions (Miralles et al. 2014; Martens et al. 2018), which tend to cause an increase
in global mean evaporation (see Southern Oscillation Index [SOI] in Fig. 2.41). This
El Nino—-Southern Oscillation-induced variability in evaporation is superimposed on a long-term
trend of 0.78 mm yr, which falls towards the high-end of trend estimates reported in the recent
literature (Zhang et al. 2016; Brutsaert et al. 2017; Anabalén and Sharma 2017). This positive
trend has been attributed to increasing global temperatures (Miralles et al. 2014) and terrestrial
greening (Cheng et al. 2017). Both hemispheres experienced positive evaporation anomalies

30 = Globe === N. Hemisphere === S. Hemisphere
20
7
5 10fF
:
= T 3
€ —10F
c
<
-20}
-30}
IIIIIIIllIlIIllIIlIIlIIllIIlIIlIIllIllIIlIIll
1980 1990 2000 2010 2020

Fig.2.41.Land evaporation anomalies (mmyr-'; 1991-2020 base period) for the Northern Hemisphere,
Southern Hemisphere, and the entire globe (blue, red, and black solid lines, respectively). Linear
trends in evaporation (dashed lines) and the Southern Oscillation Index (SOI) from CRU (right axis,
shaded area) are also shown. (Sources: GLEAM; https://crudata.uea.ac.uk/cru/data/soi/.)
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throughout the year, with the Southern
Hemisphere in particular (Fig. 2.42)
reflecting behavior consistent with La Nifia
conditions.

The evaporation results are based on
version 3.7 of the Global Land Evaporation
Assessment Model (GLEAM; Miralles et al.
2011). This version is driven by satellite
observations of soil and vegetation water
content (Dorigo et al. 2017; Moesinger
et al. 2019), a blend of gauge, satellite, and
reanalysis data for precipitation (Beck
et al. 2019), and reanalysis data for radia-
tion and air temperature (Beck et al. 2022).
The reported long-term trends are affected
by the indirect representation of the influ-
ence of carbon dioxide and atmospheric
aridity on vegetation stress in GLEAM
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Fig. 2.42. Zonal mean terrestrial evaporation anomalies
(mm month-'; 1991-2020 base period). (Source: GLEAM.)

v3 (Martens et al. 2017). The unbiased
root-mean square error is approximately 0.7 mm day™ and the temporal correlation against in
situ eddy-covariance measurements is around 0.8 on average (Martens et al. 2017).

e. Atmospheric circulation
1. MEAN SEA-LEVEL PRESSURE AND RELATED MODES OF VARIABILITY
—B. Noll, D. Fereday, and D. Campos

Mean sea-level pressure (MSLP) can be used to derive indices that describe globally important
modes of atmospheric variability, which provide context to weather and climate anomalies and
extremes. One of the most globally impactful modes is the El Nifio-Southern Oscillation (ENSO),
not only owing to its direct effects in the Indo-Pacific region but also to its teleconnections across
the mid and high latitudes of both hemispheres (Capotondi et. al. 2015). ENSO can be described
by the Southern Oscillation Index (SOI), the normalized MSLP difference between Tahiti and
Darwin (Allan et al. 1996; Kaplan 2011). The SOI was mostly positive from late 2020 through 2022,
coinciding with an impactful, protracted La Nifia event (following Allan and D’Arrigo 1999),
which has been associated with heavy rainfall and floods in Australia and New Zealand (see
sections 7h4 and 7h5, respectfully, for details), a wet summer and dry winter in south-central
Chile (section 7d4), and a persistence of drought in the western United States (section 7b2).

In the tropical Indian Ocean, the Indian Ocean dipole (IOD) also influences MSLP patterns
(Saji et al. 1999). The negative phase of the 10D, which developed during austral winter 2022,
is associated with above-normal ocean temperatures in the tropical eastern Indian Ocean and
below-normal ocean temperatures in the west (see section 4f for details). The development of an
IOD event is correlated with ENSO by way of variations in the Walker Circulation (Behera et al.
2006). The combined effect of La Nifia and a negative I0D contributed to a stronger-than-normal
rising branch of the Walker Circulation in the eastern Indian Ocean, western Pacific, and across
Australasia, which influenced regional moisture availability and global atmospheric circulation
patterns during the year.

Variability in MSLP is also expressed at the regional scale by modes including the Arctic
Oscillation (AO), the North Atlantic Oscillation (NAO), and the Pacific/North American (PNA)
in the Northern Hemisphere (NH) as well as the Southern Annular Mode (SAM)/Antarctic
Oscillation (AAO) in the Southern Hemisphere (SH; Kaplan 2011).

In the NH, the winter NAO is the leading winter mode of variability in the North Atlantic/
European (NAE) region, comprising an MSLP dipole with centers over Iceland and the Azores.
The NAO was positive in January and February (Fig. 2.43a), consistent with the strong
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stratospheric polar vortex, while (as in 2021) the PNA index was mostly negative throughout the
year, in line with the persistent La Nifia event (Yeh et al. 2018). The winter NAO and PNA are
generally independent (Soulard and Lin 2017). A prolonged high-pressure anomaly occurred
over Europe in spring and summer (Figs. 2.43b,c) driving extreme dry and hot conditions (see
section 7f for details). The summer NAO (the leading NAE-region mode of variability in July and
August; Folland et al. 2009) is an MSLP dipole with centers over Greenland and northern Europe.
The 2022 summer NAO index was the second highest in the series dating to 1959, underlining the
strength of the MSLP anomaly (Fig. 2.43e). In December, the winter NAO was once again negative,
as is weakly favored by La Nifia in early winter (e.g., Moron and Plaut 2003).

The SAM, which contributes to up to 34% of the variability in the extratropical SH atmo-
spheric circulation (Fogt and Marshall 2020), was positive for a record-tying 76% of days during
2022 (Fig. 2.44e). This matched the record set in 1998 and was the sixth time since 2015 that the
SAM was positive for more than 60% of days. Positive SAM events often occur during La Nina,
and the SOI and SAM show a positive correlation starting around 1990 (Clem and Fogt 2013). The
upward SAM trend in recent decades, particularly during austral summer, has been associated
with a poleward shift of the westerly wind belt in the SH (Fogt and Marshall 2020), which also
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Fig. 2.43. Northern Hemisphere circulation in 2022. (a)-(d) seasonal mean sea-level pressure (MSLP) anomalies with
respect to the 1991-2020 base period, shown as percentiles based on the 1959-2022 period. (e) Jul/Aug summer North
Atlantic Oscillation (NAO) index for the period 1959-2022. (Source: ERA5 [Hersbach et al. 2020].)
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occurred in 2022. This was associated with a prominent belt of higher-than-normal MSLP from
the sub-Antarctic Indian Ocean, across New Zealand, and into southern South America (Fig. 2.44;
Plate 2.1s), contributing to New Zealand’s warmest year on record (section 7h5). The combined
effect of the SAM, ENSO, and 10D teleconnections contributed to lower-than-normal MSLP across
Australia and the Maritime Continent. 2022 was Australia’s ninth-wettest year on record, with
parts of New South Wales experiencing its wettest year on record (section 7h4). In association
with higher-than-normal sea-surface temperatures (SSTs), annual precipitable water values
were above normal in the tropical eastern Indian Ocean, across northern and eastern Australia,
and into the southwestern Pacific, contributing to greater moisture availability for low-pressure
systems in the region and culminating in some impactful atmospheric river events, such as New
Zealand’s strongest August atmospheric river on record (see section 7h5; NIWA 2022b). In the
South Pacific, a prominent pressure dipole was observed, especially during the winter, in
response to La Nifia, a positive SAM, and the presence of above-normal SST anomalies in the
southwestern Pacific (Garreaud et al. 2021).

Season-mean MSLP
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Fig. 2.44. Southern Hemisphere circulation in 2022. Seasonal mean sea-level pressure (MSLP) anomalies (hPa; 1991-2020
base period) for (a) DJF 2021/22, (b) MAM 2022, (c) JJA 2022, and (d) SON 2022. (Source: ERA5 reanalysis.) (e) Daily
Antarctic Oscillation (AAO) index time series. (Source: NOAA Climate Prediction Center.)
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2. LAND AND OCEAN SURFACE WINDS

—C. Azorin-Molina, R. J. H. Dunn, L. Ricciardulli, C.A. Mears, J. P. Nicolas, T.R. McVicar, Z. Zeng, and

M. G. Bosilovich

Relative to the 1991-2020 climatology,
land surface wind-speed anomalies at
~10 m above the ground in 2022 were
dominated by positive values (Table 2.6).
North and South America showed the
highest positive anomalies relative to the
climatology (+0.070 m s™ and +0.112 m s,
respectively), followed by East and Central
Asia (+0.012m s and +0.007 m s, respec-
tively). One exception was Europe, where
annual mean wind speeds below the cli-
matology persisted in 2022 (-0.072 m s
Plate 2.1t). The positive anomalies in
2022 agree with the recent reversal or sta-
bilization of surface winds observed since
the 2010s (Zeng et al. 2019) after decades
of decrease, denoted as “stilling”
(Roderick et al. 2007; McVicar et al. 2012;
Fig. 2.45a). The changes in the frequency
of wind intensities still show long-term
trends since the 1970s, with no trends or
weak declines for moderate winds (>3 m
s7; Fig. 2.45c) and clear slowdowns for the
strongest winds (>10 m s7; Fig. 2.45d).

Changes and variability of land surface
winds were assessed using: 1) anemom-
eter observations from the Hadley Centre
Integrated Surface Database version 3
(HadISD3) dataset (1973-2022; Dunn et al.
2012, 2016; Dunn 2019) and 2) two reanal-
yses: European Centre for Medium-Range
Weather Forecasts Reanalysis version 5
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Fig. 2.45. Land surface Northern Hemisphere (20°N-70°N) and
regional surface wind- speed anomaly time series (m s='; 1991-
2020 base period). Panel (a) shows the HadISD3 observational
dataset (1973-2022) and (b) ERA5 (1979-2022) and MERRA-2
(1980-2022) reanalyses. HadISD3 occurrence frequencies (%
yr-') are shown for wind speeds (c) >3 m s, and (d) >10 m s~".

Table 2.6. Northern Hemisphere (20°N-70°N) and regional statistics for land surface wind speed (m s-') using the observa-

tional HadISD3 dataset for the period 1979-2022.

Trend 1979-2022 (m s~ decade™"), and

5th to 95th percentile confidence range T

Mean 1991-2020 Anomaly 2022

(ms™) (ms™)
Northern Hemisphere 3.308 +0.009
North America 3.643 +0.070
Europe 3.648 —-0.072
Central Asia 2.738 +0.007
East Asia 2.715 +0.012
South America 3.452 +0.112

-0.055 (-0.070 > —0.041) 2877
-0.068 (-0.085 > —0.051) 842
-0.050 (-0.071 - —0.035) 934
-0.072 (-0.012 - -0.046) 304
-0.028 (-0.044 > -0.015) 537
+0.051 (+0.033 > +0.069) 101
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(ERA5; 1979-2022, Hersbach et al. 2020; Bell et al. 2021) and Modern-Era Retrospective Analysis
for Research and Applications version 2 (MERRA-2; 1980-2022, Gelaro et al. 2017). Note that

surface wind-speed anomalies and trends
differ between observations and reanalyses
due to the difficulty that reanalysis systems
have in reproducing long-term variability
(Fig. 2.45Db; e.g., Torralba et al. 2017; Ramon
et al. 2019; Wohland et al. 2019).

Overall, observed trends of land surface
winds for the past 44 years (i.e., since 1979)
show a dominance of negative values
(Fig. 2.46). In situ wind speeds declined by
0.055 m s decade™ across the NH over that
time (Table 2.6). Over the last decade there
has been a stabilization or reversal of wind
speed trends globally (e.g. Zeng et al. 2019),
which has also been observed regionally
(e.g., Utrabo-Carazo et al. 2022). The excep-
tion is South America, where both the few
observations and ERA5 reanalysis (Fig. 2.46)
show positive trends, which support inter-
hemispheric asymmetry of surface wind
changes (Deng et al. 2022; Yu et al. 2022).

The recent reversal of the long-term
surface wind speed decline over land has
resulted in an increase in wind energy
production over the last decade (e.g., over
China; Liu et al. 2022). Observed surface wind
speed changes are likely to be associated
with internal decadal ocean—atmosphere
oscillations (Zeng et al. 2019) along with
temperature gradient variations arising
from global warming (Zhang et al. 2021) but
local-to-regional land use changes (Minola
et al. 2022), instrumentation (Azorin-Molina
et al. 2018), and encoding issues (Dunn et al.
2022) are also factors.

Compared to a 1991-2020 climatology,
2022 had positive anomalies over oceans
recorded by satellite radiometers (Remote
Sensing Systems [RSS]: +0.11 m s7), slightly
larger than  satellite  scatterometers
(Advanced Scatterometer [ASCAT]: +0.037 m
s?) and reanalysis (ERA5: +0.036 m s
Fig. 2.47). The most prominent anomalies
were recorded in the Pacific Ocean, with
strong positive anomalies (>+1.2 m s™) in the
central tropical Pacific and negative (<-1.2 m
s?) in the western tropical Pacific and
Maritime Continent, extending well into the
eastern equatorial Indian Ocean—a strong
signature of a persistent La Niha phase.
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Fig. 2.46. Wind speed trends (m s' decade') from the
(a) ERAS5 reanalysis output over land/ice and Remote Sensing
Systems (RSS) satellite radiometers (SSM/I, SSMIS, TMI,
AMSR2, ASMR-E, and WindSat) over ocean for the period
1988-2022 (shaded areas) and (b) observational HadISD3
dataset over land (circles) for the period 1979-2022.
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Fig. 2.47. Annual global mean wind speed anomalies (m s7;
1991-2020 base period) over the ocean from satellite radi-
ometers and scatterometers.
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Similar to 2021, the mid-to-high latitude South Pacific Ocean experienced a strong positive
anomaly (>+1.2 m s™), consistent with the observed strengthening of the Southern Hemisphere
westerlies (e.g., Deng et al. 2022; section 2el). Strong positive anomalies were also seen in the
Northern Hemisphere high-latitude regions (e.g., the Gulf of Alaska and the Greenland Sea).

Changes in ocean surface winds show widespread midlatitude negative trends for the period
1988-2022 and a strong negative trend in the Indian Ocean (Fig. 2.46). In contrast, positive trends
prevail in the Pacific trade winds, the Southern Ocean, the Bering Sea, and near the coastlines
(e.g., North America). The overall global ocean wind trend for 1988-2022 over 60°S—60°N is
close to zero (RSS Radiometers: <+0.01 m s decade™; ERA5: +0.036 m s decade™).

Over the ocean, surface winds were evaluated over the period 1988-2022 by 1) ERA5; and 2)
satellite-based products: merged radiometer winds (including Special Sensor Microwave/Imager
[SSM/I], the Special Sensor Microwave Imager/Sounder [SSMIS], the Advanced Microwave
Scanning Radiometer-Earth Observing System [AMSRE] , and the Advanced Microwave Scanning
Radiometer 2 [AMSR?2], Tropical Rainfall Measuring Mission [TRMM], Microwave Imager [TMI],
and WindSat), and scatterometer winds Quick Scatterometer [QuikSCAT] and ASCAT (Wentz
1997, 2015; Wentz et al. 2007; Ricciardulli and Wentz 2015; Ricciardulli and Manaster 2021).

3. UPPER AIR WINDS
—M. Mayer, L. Haimberger, C.T. Sabeerali, V. Schenzinger, D. E. Surendran, and O. P Sreejith

The 2022 global mean wind-speed anomaly at 850 hPa was about 0.1 m s@ above the
1991-2020 climatology (Fig. 2.48a). The linear trend for the period 1991-2022 of 0.05 m s decade™
in the case of ERA5 and 0.04 m s decade™ for the Japanese 55-year Reanalysis (JRA55) is signif-
icant (p-value <0.01) but not statistically significant in MERRA-2. It is worth noting that the time
series has been extended to the 1940s due to a recent backward extension of ERA5 (Hersbach
et al. 2023).

Figure 2.48b together with Plate 2.1u indicate the mostly strongly positive zonal 850-hPa
wind-speed anomalies at 50°S—70°S in 2022. The increase in wind speed in this latitude belt
has therefore continued, with 2022 close
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Fig. 2.48. Annual anomalies of (a) global mean and (b) 70°S-50°S
belt mean eastward wind speed (m s-'; 1991-2020 base period)
at 850 hPa from four reanalyses (ERA5 [Hersbach et al. 2020],
ERA-Interim [Dee et al. 2011], MERRA-2 [Gelaro et al. 2017], and
JRA-55 [Kobayashi et al. 2015]). The numbers in parentheses are
linear trends in m s~ decade" for the period 1991-2020. The
ERA-Interim time series ends in 2019.
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to the absolute maxima of the shown
time series. The linear trends of the
annual means are highly significant
(p-value <0.002) for the period 1991-2022,
between 0.20 and 0.26 m s'decade™. This
result is consistent with the high positive
SAM (Marshall 2003) that continued to
increase from the already high annual
value of 1.2 in 2021 to 1.5 in 2022 (see
also section 2e1). The AAO index, which
is closely related to the SAM, was also
strongly positive (0.79 in 2021 and 0.71 in
2022).

Plate 2.1u shows the annual zonal
wind anomaly speed map at 850 hPa,
averaged over September—December
(SOND) 2022. The high (3 m s™ near 60°S)
wind speed anomaly in the Southern
Ocean is the most prominent feature
there. It is consistent with higher-than-av-
erage baroclinicity that was caused by
record-high lower-tropospheric tempera-
tures just north of the 50°S-70°S belt
(section 2b5).
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2022 was the third La Nina year in a row (see Sidebar 3.1 and section 4b for details), the first
time such an event has formed in the twenty-first century and only the third time in the last
50 years. The last “triple La Nifia” occurred after the intense 1997/98 El Nifo. Figures 2.49a,b
show how similar the 200-hPa velocity potential patterns are for these events, indicating per-
sistent and widespread circulation anomalies in the tropics during the three consecutive peak
La Nifa phases. Negative velocity potential anomalies over the Indo-Pacific Warm Pool are con-
sistent with enhanced convective activity in this region, and the positive anomalies to the west
and east are consistent with the expected changes to the Walker Circulation. The latter describes
tropospheric circulation in the zonal-vertical plane in the equatorial regions in association with
zonally varying sea-surface temperatures and convective activity (Bjerknes 1969). Figures 2.49c,d
show the composite anomalies of pressure vertical velocity and zonal/vertical velocities averaged
over 10°S-10°N, which complements the picture of the Walker circulation. The similarity is
striking in this view, particularly for the main centers of activity over Indonesia and near the
date line. Even the weaker maxima and minima over eastern Africa and northeastern Brazil look
qualitatively similar.

In terms of equatorial stratospheric winds, the quasi-biennial oscillation (QBO) of 2022 was
quite regular in terms of wind speeds and evolution of the easterly and westerly zones, compa-
rable to 1982, 1992, or 2015. Despite the 2021 westerly lingering around 70 hPa until mid-April,
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Fig. 2.49. Composites of 200-hPa velocity potential (colors; x 10° m? s-') and divergent wind anomalies (arrows; 1991-
2020 base period) for three consecutive OND seasons: (a) 1998-2000 and (b) 2020-22. Composite of 10°S-10°N averaged
pressure vertical velocity anomalies (colors; x 10-2 Pa s~') and u/® anomalies (arrows; zonal wind anomaly u: m s™') for
three consecutive OND seasons: (c¢) 1998-2000 and (d) 2020-22. (Source: ERA5.)
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thus stalling the easterly zone for this period of time, the already-formed westerly at 10 hPa
descended with a normal speed of 1.13 km yr™. Its amplitude reached a maximum at the 10-hPa
level in February, with a speed of 19.2 m s, which is also within its usual range. A plot of zonal
wind as a function of height and season over Singapore, which serves as a proxy for the global
state of the QBO due to its zonal symmetry, is shown in Fig. 2.50a. The stratospheric state at the
end of the year with one westerly shear zone present from 10 hPa to 80 hPa resembles that of
2015 (see Fig. 2.50b for a comparison of recent years), when the first major disruption of the QBO
took place (Osprey et al. 2016).
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Fig. 2.50. (a) Stratospheric monthly mean zonal-wind values (m s-') based on daily measurements in Singapore. Easterlies
(negative values) are shown in brown, westerlies (positive) in purple. (b) Monthly profiles of Singapore zonal wind
averaged for Oct, Nov, and Dec in 2015 and 2022. Westerly winds are prominent above 70 hPa for both years, though the
weakening of the westerlies at 40 hPa in 2015, which lead up to the first observed quasi-biennial oscillation disruption,
is already visible in Dec.

4. LIGHTNING
—M. Fiillekrug, E. Williams, C. Price, S. Goodman, R. Holzworth, K. Virts, D. Buechler, T. Lang, and Y. Liu

The Geostationary Lightning Mapper (GLM) on Geostationary Operational Environmental
Satellites 16 and 17 reported the first lightning anomaly map covering the Western Hemisphere
Americas and adjacent oceans, while the Lightning Imaging Sensor (LIS) on board the
International Space Station (ISS LIS) has recorded lightning from February 2017 to present
and thereby extends over 25 years of global lightning observations with previous satellites in
low-Earth orbit (Blakeslee et al. 2020).

Figure 2.51a displays the average lightning density over the Americas and the Pacific Ocean
calculated over 201922 from the GLMs. Coastlines and some topographic features, such as
the Cordilleras in Central America and the Andes in South America, can act as meteorological
divides for lightning densities to change on relatively small spatial scales. Over the oceans, light-
ning flashes indicate the tracks of thunderstorms that follow the trade winds, the westerlies at
midlatitudes, and the easterlies at low latitudes. The Intertropical Convergence Zone over the
Pacific Ocean is located slightly north of the equator.
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The spatial distribution of anomalies in lightning density for 2022 is shown in Fig. 2.51b. Given
the relatively short period of the record, it is currently expected that these anomalies exhibit an
annual variability caused primarily by the long-term varying state of the climate (Williams 2020);
in the case of the period 2020-22, the ongoing La Nifia conditions following the El Nifio event in
2018/19.

During El Nifo, the three-dimensional structure of deep convection is taller and stronger
(Hamid et al. 2001) than it is during La Nifa. In South America, deeper storms during El Nifo
relate to increased convective available potential energy, a strengthening of the South American
low-level jet, and a stronger upper-level jet stream (Bruick et al. 2019). Velasco and Fritsch (1987)
report that large mesoscale convective systems (MCS), the most extreme lightning-producing
weather systems on Earth (Zipser et al. 2006), are concentrated downwind of major mountain
ranges in both North and South America. In North America, latitudinal shifts of storm tracks
occur in association with El Nifio and jet stream steering winds (Goodman et al. 2000). El Nifio
may contribute to extreme lightning climatology anomalies relative to the mean, as ~25% of the
annual lightning at a single location has been shown to occur during the passage of a single MCS
at midlatitudes during the strong El Nifo years of 1982/83 (Goodman and MacGorman 1986).
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Fig. 2.51. (a) Lightning flash rate density for the period 2019-22 from NOAA’s Geostationary Lightning Mapper (GLM)
on GOES 16 & 17. The black outline indicates the nominal GLM field of view for each satellite. (b) Western Hemisphere
anomalies in lightning density for 2022 that are calculated relative to the 2019-21 mean. Units are fl km-2 yr".
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In Fiillekrug et al. (2022), a distinct (a) =T T = v o
downturn in the reference year 2020 was T <

apparent in the longest available uniform
record of global lightning (LIS on TRMM),
in a matched detector on the ISS, and
in the GLM record for lightning over the
Western Hemisphere (Virts et al. 2023).
In contrast, the LIS record for the period
1998-2014 (Williams et al. 2019) was
statistically flat. Two sustained events
beginningin early 2020 could have caused
the 2020 downturn: the transition from
El Nifio to La Nina and the aerosol reduc-
tion during the first COVID lockdown in

many countries. Evidence for tropical P

lightning reductions in La Nifa relative [ - I I I ! T
to El Nifio is abundant (Williams 1992; -10 -8 -6 -4 -2 0 2 4 6 8 10
Hamid et al. 2001; Yoshida et al. 2007; Anomaly (fl km™ yr™)

Satori et al. 2009; Goodman et al. 2000; ISS LIS, Mar-May 2020 anomaly

Y A— -

Williams et al. 2021). Lightning reduc-
tions with reduced aerosol (Altaratz et al.
2017; Thornton et al. 2017; Fan et al. 2018;
Wang et al. 2018; Liu et al. 2020) have
a microphysical basis (Rosenfeld and
Woodley 2003; Rosenfeld et al. 2008),
and a global reduction in aerosol optical
depth in satellite observations in 2020
(Sanap 2021) arises from reduced fossil
fuel consumption and associated aerosol
emissions during the COVID lockdowns

(e.g., Rémy et al. 2021). [ [ I I I N N |

-10 -8 -6 -4 -2 0 2 4 6 8

The 2019-21 reference period might Anomaly (fl km2 yr™")

therefore be slightly biased during the
main COVID lockdown that occurred

Fig. 2.52. Seasonal lightning density anomalies (fl km-2 yr)

between March and May 2020 (Fig. 2.52).  for Mar-May 2020, potentially associated with the reduction
During this three-month period, the of aerosol during the first COVID lockdown in many countries.
lightning densities over the Gulf of (a) Spatial distribution of anomalies in seasonal lightning density

Mexico exhibit larger densities than

from GLM16. (b) Global distribution of anomalies (relative to
MAM 2017-19) in seasonal lightning density observed from

during the 2019-21 reference period, the Lightning Imaging Sensor on board the International Space

while the central regions of North Station.

America and South America exhibit

lower lightning densities, as reported by GLM16 (Fig. 2.52a). This is consistent with lightning
densities measured by ISS LIS, which offers a global view of lightning density changes (Fig. 2.52b).
As a result, the two main confounding variables affecting lightning density (ENSO and aerosol
loading) need to be disentangled and require some in-depth discussion in the future.

La Nifia kept 2022 globally cooler than years with El Nifio or ENSO-neutral conditions (section
2b1). Both the ISS LIS and the GLM records are consistent in showing that global lightning totals
during the present La Nifia phase have not returned to the levels of the previous El Nifio in 2019.
Despite the identification of consistent physical connections and a La Nina that is behaving
similarly to earlier La Nifias (Williams et al. 2020), the global reductions in lightning in 2020 and
thereafter are not yet fully understood.
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f. Earth radiation budget

1. EARTH RADIATION BUDGET AT TOP-OF-ATMOSPHERE
—T. Wong, P. W. Stackhouse Jr., P. Sawaengphokhai, J. Garg, and N. G. Loeb

The top-of-atmosphere (TOA) Earth radia-
tion budget (ERB) is defined as the difference
between incoming total solar irradiance (TSI)
and outgoing radiation from Earth given by
the sum of reflected shortwave (RSW) and
outgoing longwave radiation (OLR). Regional
imbalances in TOA ERB drive atmospheric and
oceanic circulations. Thus, monitoring the
variability in TOA ERB is essential for under-
standing the changes in the climate system.

An analysis of Clouds and the Earth's
Radiant Energy System (CERES) TOA ERB
measurements (Table 2.7) shows that the
global annual mean OLR and TSI increased by
0.30 W m?and 0.15 W m>, respectively, in
2022 relative to 2021 (rounded to the nearest
0.05 W m?. In contrast, the global
annual-mean RSW and net radiation
decreased by 0.10 W m™ and 0.05 W m?,
respectively, over the same period. Fig. 2.53
shows regional annual-mean maps of the dif-
ference between 2022 and 2021 in TOA OLR
and TOA RSW. The largest increases in OLR
and decreases in RSW are observed over a
large extent of the equatorial Pacific Ocean
between New Guinea and 120°W longitude.
Reductions in OLR and increases in RSW are
observed over Southeast Asia, the north-
eastern Indian Ocean, the Philippines,
Indonesia, Australia, and the tropical south-
western Pacific Ocean. These regional changes
are associated with La Nifa conditions that
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Fig. 2.53. Annual average top-of-atmosphere (TOA) flux dif-
ferences (W m-2) between 2022 and 2021 for (a) outgoing
longwave radiation (OLR) and (b) reflected shortwave
radiation (RSW). The annual-mean maps for 2022 were
derived after adjusting Dec 2022 FLASHFlux version 4A
data using the difference between CERES EBAF Ed4.2 and
CERES FLASHFlux version 4A data in 2021.

Table 2.7. Global annual mean top-of-atmosphere (TOA) radiative flux changes between 2021 and 2022, the 2022 global
annual mean radiative flux anomalies relative to their corresponding 2001-21 mean climatological values, and the 2-¢
interannual variabilities of the 2001-21 global annual mean fluxes (all units in W m-2) for the outgoing longwave radiation
(OLR), total solar irradiance (TSI), reflected shortwave (RSW), absorbed solar radiation (ASR, determined from TSI-RSW), and
total net fluxes. All flux values have been rounded to the nearest 0.05 W m-2 and only balance to that level of significance.

Global

OLR

TSI

RSW

ASR

Net

One Year Change 2022 Anomaly Climatological Mean Interannual Variability
(2022 minus 2021) (W m) (Relative to 2001-21) (W m2) (2001-21) (W m~2) (2001-21) (W m?)
+0.30 +0.30 240.35 +0.60
+0.15 +0.20 340.20 +0.15
-0.10 -0.75 99.00 +1.00
+0.25 +0.95 241.15 +0.95
-0.05 +0.65 0.80 +0.80
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persisted and intensified between 2020 and 2022, according to the Multivariate El Nino—-Southern
Oscillation (ENSO) index (Wolter and Timlin 1998; section 2e1). Relative to the multiyear average
from 2001 to 2021, the 2022 global annual mean TOA flux anomalies are +0.30 for OLR, +0.20 for
TSI, —-0.75 for RSW, and +0.65 W m? for total net flux (Table 2.7). These anomalies are near or
within their respective 2-0 interannual variability (Table 2.7) for this period.

Throughout 2022, the global monthly mean TOA OLR anomaly remained largely positive
(Fig. 2.54). The OLR anomaly dipped to a value of —0.50 W m~ for one month in August but
recovered quickly back to positive values in the following months. These results are generally
consistent with NOAA High Resolution Infrared Sounder (HIRS; Lee and NOAA CDR Program
2018) and NASA Atmospheric Infrared Sounder (AIRS; Susskind et al. 2012) OLR datasets (not
shown). For the year as a whole, the 2022 global mean TOA OLR anomaly was +0.30 W m=. The
global monthly mean TOA absorbed solar radiation (ASR; determined from TSI minus RSW)
anomaly remained positive throughout 2022, peaking at +1.80 W m= in June. For the year as a
whole, the 2022 global mean TOA ASR anomaly was +0.95 W m=. The global monthly mean TOA
total net anomaly, which is calculated from ASR anomaly minus OLR anomaly, also stayed
mostly positive throughout 2022, reaching a maximum of +1.65 W m~ in June. For the year as a
whole, the 2022 global mean TOA total net anomaly was +0.65 W m=. In terms of the global
annual mean TOA ERB, the positive 2022 ASR anomaly was much larger than the negative effect
of the 2022 OLR anomaly to produce the observed positive 2022 total net anomaly. Further
analyses are needed to understand the significances and impacts of these observed global
changes.

The TSI data were obtained from the Total Irradiance Monitor aboard the Solar Radiation and
Climate Experiment (SORCE) mission (Kopp and Lean 2011), the Royal Meteorological Institute
of Belgium composite dataset (Dewitte et al. 2004), and the Total Solar and Spectral Irradiance
Sensor-1 (Coddington 2017) mission, all renormalized to the SORCE Version 15. The TOA RSW
and TOA OLR data come from two different CERES datasets. The data for March 2000-November
2022 are based on the CERES Energy Balance and Filled (EBAF) Ed4.2 product (Loeb et al. 2009,

2012, 2018), which are constructed with
L L L L B L B S S L S N N B measurements from the CERES instru-
r — CERESEBAF Edd.2 T CERESFLASHFIuxvAA 1 ments (Wielicki et al. 1996, 1998) aboard
Terra, Aqua, and NOAA-20 spacecraft.
The data for December 2022 comes from
the CERES Fast Longwave and Shortwave
Radiative Fluxes (FLASHFlux) version
4A product (Kratz et al. 2014), which
are created using CERES measurements
from Terra and Aqua spacecraft. The
FLASHFlux to EBAF data normaliza-
tion procedure (Stackhouse et al. 2016)
results in 2-0 monthly uncertainties of
+0.35, £0.05, +0.15, and +0.50 W m for
the OLR, TSI, RSW, and total net radia-
I tion, respectively (rounded to nearest
2 NET ] 0.05 W m™).

_3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2000 2005 2010 2015 2020

Radiative flux anomaly (W m™)

Fig. 2.54. Time series of global monthly mean deseasonalized anomalies (W m-2) of top-of-atmosphere (TOA)
Earth radiation budget for outgoing longwave radiation (OLR; upper), absorbed solar radiation (ASR, determined
from total solar irradiance (TSI) minus RSW; middle), and total net (TSI-RSW-OLR; lower) from Mar 2000 to Dec
2022. Anomalies are relative to their calendar month climatology (2001-21). The time series show the CERES EBAF
Ed4.2 1-Deg data (Mar 2000-Nov 2022) in red and the CERES FLASHFlux version 4A data (Dec 2022) in blue; see
text for merging procedure. (Sources: https://ceres-tool.larc.nasa.gov/ord-tool/jsp/EBAFTOA42Selection.jsp and
https://ceres-tool.larc.nasa.gov/ord-tool/jsp/FLASH_TISASelection.jsp.)
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2. MAUNA LOA APPARENT TRANSMISSION RECORD
—J. A. Augustine, K. O. Lantz, J.-P. Vernier, and J. E. Barnes

The Mauna Loa Observatory (MLO) on Hawaii (19.536°N, 155.576°W) at 3397 m a.s.l. has made
pyrheliometer measurements since 1958. Because of its high elevation, morning apparent atmo-
spheric transmission computed from those measurements is a good proxy for stratospheric
extinction.

The apparent transmission time series from 1958 through 2022 is shown in Fig. 2.55; the inset
highlights new data for 2022. January and February 2022 transmissions continue at relatively
stable levels of ~0.928 observed at the end of 2021. This relatively low transmission has been
maintained since 2019 by a series of volcanic eruptions and wildfires (Augustine et al. 2020,
2021). A broad reduction in transmission began in March 2022 and reached a minimum of 0.919 in
May. A sharp recovery in June to values observed earlier was followed by relatively stable trans-
missions through November (Mauna Loa erupted on 27 November, ending data collection for
2022). The springtime reduction in transmission coincided with the violent underwater eruption
in January of Hunga Tonga—Hunga Ha‘apai (HTHH; 20.536°S, 175.382°W; Sidebar 2.2) and the
seasonal passage of dust from Asia.

Most of the 70+ volcanic eruptions in 2022 had Volcanic Explosivity Indexes (VEI) less than
2, limiting their effect on the stratosphere. HTHH’s initial eruption on 13 January sent material
as high as 20 km. A second more powerful eruption on 15 January (VEI 5) reached the lower
mesosphere (~58 km) but within the day settled to between 25 km and 35 km (Proud et al. 2022).
The westerly phase of the quasi-biennial oscillation of stratospheric winds (QBO) propagated
the HTHH plume westward. The plume was concentrated at ~10°S but Cloud-Aerosol LIDAR and
Infrared Pathfinder Satellite Observations (CALIPSO) imagery shows lateral transport branches
in the 19 km-27 km layer reaching 30°S and 20°N in March (see supplemental material), in agree-
ment with the Ozone Mapping and Profiler Suite (OMPS) and the Stratospheric Aerosol and Gas
Experiment (SAGE) limb sounder (Taha et al. 2022). Discrete CALIPSO images at 19-day intervals
in Legras et al. (2022) show the northern extent of Tonga’s stratospheric plume near 20°N at least
through 3 May, but by 22 May it retreated south and remained there at least through 18 July (no
published data thereafter). Lidar observations at MLO first sensed the HTHH plume on 1 March
at an altitude of 24.5 km. A much larger signal was observed near 24 km on 14 March, in agree-
ment with CALIPSO, which shows the northern periphery of the plume over MLO from 14 to
16 March (see supplemental material).

Distinguishing HTHH from other large 0.94}
volcanic stratospheric events is its rel-

atively small sulfur dioxide injection, g 0.92
~50 times less than Mt. Pinatubo (Taha 8 ¢.90
et al. 2022), and stratospheric aerosol g .

. N € 0.88} El Chichon
optical depth (AOD) six times less than g
Pinatubo at 0.015, which represents a € ogg| i LA i
4-5 factor increase from background g 0930a e, s ]
(Khaykin et al. 2022). Those discrep- £ 984 .Y I
ancies are likely due to wet deposition 0.821 T
(Proud et al. 2022) as HTHH increased ¥jan Apr Juroct jan
stratospheric water by 10%-13% (Millan T S -7 7 S -1 TO S - TO T3 [R5 TO T 711}

et al. 2022; Khaykin et al. 2022). Zhu
et al. (2022) suggests the added water

Fig. 2.55. Apparent transmission at Mauna Loa, Hawaii, from
1958 through 2022. Red dots are monthly averages of morning

promoted faster sulfate aerosol forma- apparent transmission, and the gray curve is a locally weighted
tion and greater extinction but shortened scatterplot smoothing (LOWESS) fit with a six-month smoother

While there were several springtime

2022. The horizontal dashed gray lines represent the average
transmission of the clean period before the eruption of Agung.

dust storms in Asia in 2022, none were as  the pec 2022 transmission is not available because the eruption

severe as those in 2021. Monthly average  of Mauna Loa in late Nov cut power to the station.
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global AOD images for 2022 from the Moderate Resolution Imaging Spectroradiometer (MODIS
[Barnes et al. 1998]; https://earthobservatory.nasa.gov/global-maps/MODAL2_M_AER_OD)
show slightly elevated AOD over Hawaii in March, peak AOD in April, a reduction in May, and
gone by June.

In summary, HTHH’s plume and Asian dust were primary contributors to the reduction of
apparent transmission over MLO from March through May 2022. Both sources of enhanced
extinction vanished by June, returning transmission to levels observed in January and February
for the remainder of the 2022 record, which ended in November.

Atmospherictransmission is calculated from the ratio of direct-normal pyrheliometer measure-
ments at two integer solar elevations (Ellis and Pueschel 1971). Three ratios from clear-morning
measurements at 2, 3, 4, and 5 atmospheric pathlengths are averaged to get representative daily
value. Daily transmissions are then averaged over monthly periods. Our calculation is referred
to as an “apparent” transmission because atmospheric variability at longer pathlengths adds to

the uncertainty.

Sidebar 2.2: Hunga Tonga-Hunga Ha‘apai eruption
—S. DAVIS, W. RANDEL, J. AUGUSTINE, B. FRANZ, N. KRAMAROVA, T. LEBLANC, J.-P. VERNIER, X. WANG, AND

M. WEBER

On 14-15 January 2022, the Hunga Tonga—Hunga Ha‘apai
(HTHH) submarine volcano (20.54°S, 175.4°W) erupted
multiple times, injecting ash, water vapor, and sulfur dioxide
(SO,, an aerosol precursor) into the atmosphere. The under-
water eruption on 15 January was among the strongest in
the modern geophysical record, with an estimated Volcanic
Explosivity Index (VEI) similar to that of Mt. Pinatubo in 1991
(VEI=6; Poli and Shapiro, 2022). The eruption produced a
number of impacts, including audible sound heard ~10,000 km
away, perturbations to the ionosphere, global tsunamis, as
well as a Lamb wave and seismic activity similar in magnitude

(a) GOES-17

A2 :
2 7 ks
T fig A48
e - 03
volcano ?35»8 %
-

to the 1883 eruption of Krakatau (Kubota et al. 2022; Matoza
et al. 2022).

The plume from the HTHH eruption was observed to reach
as high as ~55 km, a record in the geostationary satellite era
that exceeded the ~40 km height reported for Mt. Pinatubo
(Fig. SB.2.3; Carr et al. 2022). Following this transient peak in
the plume height reaching the mesosphere, an umbrella of gas
and ash spread out in the stratosphere between approximately
26 km and 34 km. The trace gases and aerosols injected into
the stratosphere by the HTHH eruptions quickly spread as far
north as 20°N in the month following the eruption, before

(b) Himawary=-8 =
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Fig. SB2.3. (From Carr et al. 2022, their caption. Figure used under CC BY 4.0): Image of the plume on 15 Jan 2022 at
0430 UTC from (a) GOES-17 and (b) Himawari-8. Colored dots mark manual stereo height estimates (in km), and the
white/black triangles show the volcano’s location. The white arrows in panel (a) depict the shadow of a plume edge
feature and a dome feature, with the shadow length and the derived height given above/below the arrow. Arrows in
the lower right of each panel indicate the sun-to-pixel and satellite-to-pixel azimuths.
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being transported to higher Southern Hemisphere (SH) lati-
tudes in subsequent months and into the northern midlatitudes
by the end of 2022. Here, we elaborate on some of the notable
perturbations to the atmosphere, as well as some of the
possible chemical and climate effects that are likely to occur in
the coming years.

As the HTHH eruption occurred underwater, a vast amount
of water vapor (WV) was present in the eruption plume, and
this water vapor-enriched plume has had a dramatic impact on
the stratosphere. By injecting water vapor and ice directly into
the stratosphere, the HTHH eruption bypassed the typical
tropical tropopause layer “cold trap” that normally limits the
amount of water vapor entering the stratosphere (section 2g5).
While previous volcanic eruptions and pyrocumulonimbus
events have also injected water vapor into the stratosphere,

HTHH injected ~50 Tg H,0 to ~150 Tg H,0, which is unprece-
dented in the satellite record and represents upwards of 10%
of the entire stratospheric burden of WV (Khaykin et al. 2022;
Millan et al. 2022; Randel et al. 2023; Vomel et al. 2022).
Measurements from within the HTHH plume in the week
immediately after the eruption showed water vapor mixing
ratios exceeding 1000 ppmv between 25 km and 30 km
(Khaykin et al. 2022; Randel et al. 2023; Vomel et al. 2022), in
contrast to typical background stratospheric values of ~5 ppmv
and enhancements on the order of 10 ppmv from other recent
volcanoes and the early 2020 Australian wildfires (e.g., Sioris
etal. 2016; Kablick et al. 2020; Schwartz et al. 2020). Enhanced
water vapor amounts persisted in the stratosphere throughout
2022 (Fig. SB.2.4a). As an example, the quasi-global monthly
anomaly (averaged over ~80°S-80°N, relative to the
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Fig. SB2.4. Southern Hemisphere (10°S-50°S) average (a) stratospheric water vapor (H,0) anomaly (ppm), (b) aerosol
extinction (km™"), (c) temperature anomaly (K), and (d) ozone (O,) anomaly (ppm) for the period 2012-22. The start of
2022 is indicated by the vertical solid line, and the HTHH eruption is indicated by the vertical dotted line. Water vapor,
ozone, and temperature anomaly data are from the Aura MLS and calculated as departures from the 2004-21 mean.
Aerosol extinction at 745 nm is based on Suomi National Polar-Orbiting Partnership OMPS Limb Profiler data.
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2004-21 average) in December 2022 at 26 hPa (~25 km) from
the Aura Microwave Limb Sounder (MLS) satellite was
+1.1 ppmv, which corresponds to a 12-sigma and 24% devia-
tion from the mean for that month. Because the main WV
removal process is due to the slow stratospheric overturning
circulation, it is expected that anomalous stratospheric water
vapor will persist for a number of years.

It is estimated that HTHH emitted ~0.5 Tg SO, (Carn
et al. 2022), which is relatively small compared to the ~20 Tg
S0, emitted by the similarly sized Mt. Pinatubo eruption (Guo
et al. 2004). Stratospheric sulfate aerosols formed anoma-
lously quickly in the HTHH plume, likely influenced by rapid
oxidation of SO, in the extreme water vapor plume (Carn et al.
2022; Zhu et al. 2022). The sulfate aerosol layer gradually sep-
arated from the water vapor plume and descended into the SH
lower stratosphere due to gravitational settling (Fig. SB.2.4b;
see also Legras et al. 2022; Wang et al. 2022), dispersing over
latitudes from the tropics to the Antarctic after several months.
This resulted in a five-fold increase in the stratospheric aerosol
load, which is the highest in the last three decades (Khaykin
et al. 2022; see also section 2g3). This stratospheric perturba-
tion had a visible impact on SH aerosol optical depth at 550-nm
anomalies in 2022 (section 2g3).

As water vapor and aerosols are radiatively active and per-
sisted in the stratosphere throughout 2022, there are expected
impacts on stratospheric temperatures (section 2b6). Enhanced
stratospheric water vapor is expected to lead to local (strato-
spheric) cooling, while elevated stratospheric sulfate aerosol
concentrations lead to local warming. Observations show cold
stratospheric temperatures in 2022 that were well outside the
range of previous variability (Figs. SB.2.4¢, 2.11a), with corre-
sponding anomalies in stratospheric winds and circulation that
are in balance with the anomalous temperatures (Coy et al.
2022; Wang et al. 2022).
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Elevated stratospheric water vapor and aerosol concentra-
tions are expected to affect surface climate and tropospheric
temperatures in a manner opposite to their stratospheric
impacts (e.g., enhanced stratospheric water vapor leads
to surface warming). Although unambiguous detection of
a tropospheric/surface temperature signal may be nearly
impossible given the potentially small magnitude of any per-
turbation relative to natural variability, it is estimated that the
HTHH eruption increases the likelihood of exceeding an annual
mean global surface temperature anomaly of 1.5°C by 7% in
the five years following the eruption (Jenkins et al. 2023).

The HTHH eruption is also likely to have effects on strato-
spheric ozone (Fig. SB.2.4d; sections 2g4, 6h). Impacts from
HTHH on stratospheric aerosols and water vapor (and other
species) may be perturbing stratospheric ozone chemistry
in both midlatitudes and in the polar regions, in addition to
the ozone changes from forced circulation changes (Wang
et al. 2022). Since the HTHH plume was primarily confined to
the SH during 2022, the greatest potential effects are on SH
midlatitude ozone (as already evident in Fig. SB.2.4d) and
the Antarctic ozone hole. Ozone profile data and total column
ozone data in 2022 reveal anomalously low ozone in the SH
midlatitude lower stratosphere during 2022, in general agree-
ment with these expectations (section 2g4). However, MLS
observations inside the Antarctic vortex showed near-average
water vapor (Fig. 6.15h), and other stratospheric perturbations
in recent years (e.g., Australian wildfires in early 2020 and
earlier volcanic eruptions such as that of La Soufriére in April
2021) as well as anomalously weak planetary wave activity
in austral spring have also likely impacted the 2022 Antarctic
ozone hole. Further studies are needed to quantify the role of
HTHH in perturbing stratospheric ozone.
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g. Atmospheric composition
1. LONG-LIVED GREENHOUSE GASES
—X. Lan, B.D. Hall, G. Dutton, and I. Vimont

Increases in atmospheric greenhouse gas burdens, especially the long-lived greenhouse gases
(LLGHGs) carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,0), are largely responsible
for increasing global temperature (Foster et al. 2021).

Carbon dioxide is the most important and prevalent anthropogenic GHG. The atmospheric
pre-industrial abundance of CO, is estimated to be ~278 ppm (parts per million by moles in dry
air), based on air extracted from ice in Greenland and Antarctica (Etheridge et al. 1996). Globally
averaged CO, derived from remote marine
boundary layer measurements made by

NOAA’s Global Monitoring Laboratory 420 50
was 4171x0.1 ppm in 2022 (Fig. 2.56a),

50% higher than the pre-industrial level. 219
Annual growth in global mean CO, has - 2.0
risen steadily from 0.6+0.1 ppm yrin the 15
early 1960s to an average of 2.4 ppm

yr during 2013-22 with the 2022 annual 1.0
growth rate at 2.2 ppm yr (Fig. 2.56a; the - 0.5

global trend is updated monthly on 0.0
www.gml.noaa.gov/ccgg/trends,  and 50

uncertainties are reported as one sigma (b)

in this section). 1200 1 15
The main driver of increasing atmo- 1850

spheric CO, is fossil fuel (FF) burning, 1800 4 - 10

with total fossil emissions (including

~5% from cement production) increasing 17507 F 5

from 3.0+0.2 Pg C yr?! in the 1960s to 1700 1

9.6+0.5 Pg C yr! in the past decade O

(2012-21; Friedlingstein et al. 2022). 1620 [ 5
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Comparing fossil emissions to the atmo-
spheric increase, we can conclude that
only about half of the fossil CO, emitted ()
since 1958 has remained in the atmo- 3301
sphere, with the other half taken up by
the oceans and terrestrial biosphere.
While emissions of CO, from FF com-
bustion drive its increasing atmospheric 310 1
burden, the interannual variability in

the CO, growth rate is mostly driven p—
by terrestrial biosphere exchange of : : . : —- 0.0
CO, driven by climate variability such as 1980 1990 2000 2010 2020

El Nifio-Southern Oscillation (ENSO), Fig. 2.56. Global mean dry-air remote surface mole fractions

which is confirmed by measurements of (approximately weekly data in blue and deseasonalized trend in
stable (C:2C) carbon isotope ratios (e.g. black [see Dlugokencky et al. 1994b for methods], left axis) and

. annual change (red, right axis) of (a) carbon dioxide (CO_, ppm),
Keeling and Revelle 1985; Alden et al. (b) methaneg(CH4, ppb%, and (c) nitrous oxide (N,O, ppb) 2depr‘i)ved
2010). from the NOAA Global Greenhouse Gases Reference Network.

Fossil CO, emissions are estimated to ~ N,O data prior to 2000 are insufficient and noisy and thus hinder
have declined by 54% in 2020 relative the calculation of a growth rate.
to 2019 due to the COVID-19 pandemic

but returned to pre-COVID levels in 2021
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(Friedlingstein et al. 2022). However, these emission changes are not reflected in observed global
atmospheric CO, signals, because it is a relatively small signal compared to the natural variability
that is driven by the large fluxes from photosynthesis and respiration of ecosystems on land.

The impacts of LLGHGs on global climate are estimated using the effective radiative forcings
(ERFs) of LLGHGs, following the Intergovernmental Panel on Climate Change Sixth Assessment
Report (Forster et al. 2021). Increasing atmospheric CO, has accounted for 66% increase in ERF
by LLGHGs, by 2.26 W m~ in 2022 compared with preindustrial times (before 1750). The rate of
increase in CO, ERF during 2018-22 accounted for 78% of the total increase by LLGHGs. A pulse
of CO, will remain in the atmosphere for thousands of years (Archer and Brovkin 2008) and
cause long-lasting warming (Pierrehumbert 2014).

Atmospheric CH, has a lifetime of ~9 years, meaning that its atmospheric abundance and
ERF can be reduced much more quickly by reducing emissions compared to CO, (United Nations
Global Methane Assessment 2021). Global mean tropospheric CH, abundance increased to
1911.8+0.6 ppb (parts per billion by moles in dry air) in 2022, a 165% increase compared to its
pre-industrial level of 729+9 ppb (Mitchell et al. 2013). Global CH, increased by an average of
12+1 ppb yr* between 1984 and 1991, followed by a smaller increase of 4+2 ppb yr? between
1992 and 1998, and further reduced to near zero (13 ppb yr™) during 1999-2006. Atmospheric
CH, growth restarted in 2007 and has significantly accelerated since 2014 (Fig. 2.56b). The
highest annual CH, growth rates were recorded in 2020 and 2021 at 15.2+0.4 ppb and 17.7+0.4 ppb,
respectively, since the beginning of NOAA’s systematic CH, measurements in 1983. Preliminary
results also reveal large growth in 2022 of 14.40.4 ppb. The increase in CH, contributed to a
0.56 W m~ increase in ERF in 2022 from preindustrial times while the CH,-related production of
tropospheric ozone (0,) and stratospheric H,0 also contributes to ~0.30 W m~indirect radiative
forcing (Myhre et al. 2014).

Atmospheric measurements of C:*C of CH, (denoted 6C-CH 4) are sensitive to different
CH, emission and sink processes (Lan et al. 2021). The ongoing reduction in §°C-CH, since 2008
(Michel et al. 2022) indicates increased emissions from microbial sources (Basu et al. 2022),
including both anthropogenic emissions from livestock and waste/landfills and natural wetland
and lakes, which have more negative 6°C-CH, signatures. A decrease in biomass burning (Worden
et al. 2017) and a small increase in FF emissions (leakage, not combustion) may also play a
smaller role in 2007-16 global CH, change (Lan et al. 2019, 2021; Oh et al. 2022; Basu et al. 2022).

Recent studies suggest a dominant role of increased tropical wetland emissions in the
2020 CH, surge (Feng et al. 2021; Peng et al. 2022). An increased contribution from wetland
emissions also agrees with the acceleration of atmospheric §°C-CH, reductions in 2020 and 2021
(Michel et al. 2022). Rapid increases in wetland CH, emissions can be an indication of ongoing
climate feedback. A reduction in the hydroxyl radical (OH, the main sink for CH,) may have con-
tributed to the growth in 2020 due to the COVID-19 pandemic impact on major OH precursors,
NO,, and CO (Laughner et al. 2021; Peng et al. 2022). However, COVID-19-related processes are
unlikely to explain the continued rapid increase in 2021 and 2022. Additionally, Lan et al. (2021)
showed that the reduction in the OH sink portion would push atmospheric 6°C-CH, upward
when the atmospheric CH, mass balance is satisfied.

Nitrous oxide is an ozone-depleting LLGHG (Ravishankara et al. 2009) produced by microbes
that rely on nitrogen substrates from natural and agricultural soils, animal manure, and the
oceans (Davidson 2009). Atmospheric N,0O has been increasing steadily throughout the indus-
trial era, except for a brief period in the 1940s (MacFarling Meure et al. 2006; Thompson et al.
2019). The mean global atmospheric N,O abundance in 2022 was 335.7+0.1 ppb, a 24% increase
over its preindustrial level of 270 ppb. The annual increase of 1.3+0.1 ppb in 2020 was the largest
in NOAA’s measurement record since 2000, while similarly large growth rates were observed in
2021 and 2022 at 1.3+0.1 ppb and 1.3+0.1 ppb (Fig. 2.56¢). Recent growth rates are larger than the
average increase during 2010-19 (1.0 + 0.2 ppb), suggesting increased emissions. The increase
in atmospheric N,O abundance contributed to a 0.22 W m™ increase in ERF in 2022. The rate
of increase in N,O contributed to 9% of the rate of increase in radiative forcing by all LLGHGs
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The combined radiative forcing in
2022 from all LLGHGs was 3.44 W m™
(Fig. 2.57), which is 3.6 times larger
than in 1950. The post-industrial
increases in atmospheric CO,, CH,, and
N,O abundances have contributed to
88% of ERF increase (Fig. 2.57a), while
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Fig. 2.57. (a) Effective radiative forcing (W m-2) due to long-lived

2. OZONE-DEPLETING greenhouse gases (LLGHGs; see Table 2.8 for details on industrial

SUBSTANCES AND THEIR gases). (b) Annual increase in direct radiative forcing (W m-2).
SUBSTITUTES

—I.J. Vimont, B. D. Hall, G. Dutton, S. A. Montzka, J. Miihle, M. Crotwell, K. Petersen, S. Clingan, and

D. Nance

Ozone-depleting substances (ODSs) include chlorofluorocarbons (CFCs), methyl bromide,
various chlorinated hydrocarbons, halons, and the CFC replacements hydrochlorofluorocarbons
(HCFCs). These compounds influence global climate both through direct absorption of infrared
energy and via their ability to deplete stratospheric ozone, a strong greenhouse gas (Karpechko
and Maycock 2018). Hydrofluorocarbons (HFCs) are increasingly used as ODS replacements that
do not destroy ozone, but they are highly efficient infrared absorbers.

The consumption and production of these classes of halogenated compounds is controlled
by the 1987 Montreal Protocol (hereafter referred to as The Protocol), and its subsequent amend-
ments, both of which aim to limit damage to the stratospheric ozone layer and the climate. The
Protocol first specified the phase-out of production and consumption for dispersive uses of
ODSs starting with the CFCs, followed by halons and then HCFCs. More recently, a phase down
of select HFCs with high global warming potentials (GWPs) used as ODS substitutes has been
mandated through the Kigali Amendment to The Protocol. Importantly, the Kigali Amendment
was signed by China in 2021 and by the United States in 2022, further strengthening the ability
of The Protocol and the global community to reduce the impacts of these gases on the climate.

Even as production of these controlled substances ends, other factors affect their atmospheric
abundance. Their atmospheric lifetimes vary considerably, such that long-lived chlorofluoro-
carbons like CFC-11 and CFC-12 have only declined 18% and 10% from their peak atmospheric
abundances (in 1994 and 2003, respectively), while the shorter-lived solvent methyl chloroform
has declined by 99% (Fig. 2.58). Production of CFC-11 and CFC-12 was reported to have been
globally phased out in 2010, while methyl chloroform (CH,CCL) was reported to have been
globally phased out by 2015. Additionally, the slow long-term release or sudden leakage of chem-
icals from some applications (e.g., insulating foams and refrigeration units) plays an important
role in maintaining emissions even after production has been phased out.

It is important to note that for compounds controlled by The Protocol, the scheduled
phase-down or phase-out of production of these compounds is agreed upon, and efforts to
accomplish this are self-reported by individual countries to the United Nation’s Ozone Secretariat.
Recent studies of CFC-11 exemplify the critical need for continued monitoring of these com-
pounds in the atmosphere to ensure the success of The Protocol. The unexpected slowdown in
the reduction of the atmospheric abundance of CFC-11 after 2012 led to the discovery of renewed,
unreported emissions through to 2018 in an apparent violation of The Protocol (Montzka et al.
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2018; Rigby et al. 2019). Since then, an accelerated decline in abundance has been measured,
suggesting that the problem may be mostly resolved (Montzka et al. 2021; Park et al. 2021).

Tangentially, signatories to the Kigali Amendment pledged to begin controlling select HFCs
under The Protocol, including HFC-23 and HFC-134a. Reported abatement of HFC-23 independent
of the Kigali Amendment suggests that emissions of this high-GWP compound should have been
decreasing in recent years (e.g., Stanley et al. 2020 and references therein). However, measure-
ments show its global abundance increasing by about 1.0 ppt (parts per trillion by moles in dry
air) per year (since 2013), reaching 35.9 ppt in 2022 (Table 2.8 and Fig. 2.58), indicating that emis-
sions are instead increasing (Stanley et al. 2020; Park et al. 2023). Likewise, the most abundant

Table 2.8. Summary table of long-lived greenhouse gases for 2022 (CO, mixing ratios are in ppm, N,O and CH, in ppb, and
all others in ppt).

Industrial Rad Rad. Mean surface mole
Designation Chemical o Forcing® fraction, 2022 Lifetime
Compound Class Efficiency : 3
or Common Formula (W m- ppb-1)> (ERF/SARF) [change from prior (yrs)
Name pp (Wm?) year]
Acidic oxide Carbon © y 133x10° 23 417.12.4]
Dioxide 2
Alkane Methane CH, Y 3.88 x 10 0.56 1911.9 [13.0] 9.1
Nitride Nitrous N,0 y 3.2x10° 0.22 335.7[13]¢ 123
Oxide Z
Chlorofluorocarbon CFC-11 CClLF N(Y)e 0.26 0.057(0.064) 219.6 [-2.1]¢ 52
Chlorofluorocarbon CFC-12 CdLF, N(Y)e 0.32 0.157(0.176) 489.7 [-3.5]¢ 102
Chlorofluorocarbon CFC-113 CClFCalF, N 0.30 0.020 67.8 [-0.5]¢ 93
Hydrochlorofluorocarbon HCFC-22 CHCIF, N 0.21 0.052 248.8 [-0.1] 11.9
Hydrochlorofluorocarbon HCFC-141b CH,CCLF N 0.16 0.004 24.6 [0.0] 9.4
Hydrochlorofluorocarbon HCFC-142b CH,CCIF, N 0.19 0.004 21.2 [-0.3] 18
Hydrofluorocarbon HFC-134a CH,FCF, N 0.17 0.021 124.5 [5.6] 14
Hydrofluorocarbon HFC-152a CH,CHF, N 0.10 <0.001 7.410.2] 1.6
Hydrofluorocarbon HFC-143a CH,CF, N 0.17 0.005 27.5[1.8] 51

2 Effective Radiative Forcing (ERF) calculated by multiplying the stratospheric-temperature adjusted radiative efficiency (SARF) by the global mole
fraction (in ppb) and then applying a tropospheric adjustment factor for the species indicated based on recommended values from chapters 6 and
7 in the IPCC AR6 WGI Report. The Radiative Forcing column is either ERF (where indicated) or SARF. The adjustments to the SARF are CO2: 5% =
5%, CH4: =14% = 15%, N20: 7% = 13-16%.

Radiative efficiencies and lifetimes were taken from Appendix A in WMO (2018) and Hodnebrog et al. (2020a), except for SF6 lifetime from Ray et al.
(2017), CH4 lifetime from Prather et al. (2012). For CO2, numerous removal processes complicate the derivation of a global lifetime. AGGI = Annual
Greenhouse Gas Index. For radiative forcing, see https://www.esrl.noaa.gov/gmd/aggi/aggi.html.

<Mole fractions are global, annual, midyear surface means determined from the NOAA cooperative global air sampling network (Hofmann et al.
2006), except for PFC-14, PFC-116, PFC-218, PFC-318, and HFC-23, which were measured by AGAGE (MUhle et al. 2010; Miller et al. 2010). Changes
indicated in brackets are the differences between the 2022 and 2021 means, the relevant quantities for calculating radiative forcing. These changes
are somewhat different from the 2022 annual increases reported in {LLGHG SECTION}, which are determined as the difference between 1 Jan 2022
and 1 Jan 2021. All values are preliminary and subject to minor updates.

4Global mean estimates derived from multiple NOAA measurement programs (“Combined Dataset”).

¢ ERF calculated values for CFC-11 and CFC-12 are highly uncertain but recommended by the IPCC AR6 WGI Report. Thus, they are included in
parentheses here as the lower confidence value. The adjustment to the SARF for these values is 12% + 13% (Hodnebrog et al. (2020b).
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Industrial Rad. Mean surface mole

Rad.

Designation Chemical o Forcing® fraction, 2022 Lifetime
Compound Class ERF? Efficiency : 3
or Common Formula (W m-2 ppb-1)* (ERF/SARF) [change from prior (yrs)
Name PP (Wm™?) year]
Hydrofluorocarbon HFC-125 CHFCF, N 0.23 0.007 37.0 [3.7] 30
Hydrofluorocarbon HFC-32 CH,F, N 0.11 0.002 26.3 [3.5] 5.4
Hydrofluorocarbon HFC-23 CHF, N 0.18 0.006 35.9[0.9] 228
Hydrofluorocarbon HFC-365mfc CH,CF,CH,CF, N 0.22 <0.001 1.07[0.02] 8.9
Hydrofluorocarbon HFC-227ea CF,CHFCF, N 0.26 <0.001 2.04[0.17] 36
Chlorocarbon Methy| CH,Cal N 0.07 <0.001 1.1[-0.1] 5.0
Chloroform 3773
Chlorocarbon Carbon « N 0.17 0013 75.5 [-1.2° 32
Tetrachloride 8 : : ’ ’
Chlorocarbon Methy| CHl N 0.01 <0.001 547.5[0.2] 0.9
Chloride 3
Chlorocarbon iy CH.Br N 0.004 <<0.001 6.61[~0.06] 0.8
Bromide 3
Chlorocarbon Halon 1211 CBrCIF, N 0.29 0.001 2.93 [-0.1] 16
Chlorocarbon Halon 1301 CBrF, N 0.30 0.001 3.31[0.0] 72
Chlorocarbon Halon 2402 CBrF,CBrF, N 0.31 <0.001 0.397[0.001] 28
Fully fluorinated species St SF N 0.57 0.006 11.020.37] >600
Hexafluoride 6 ’ ’ ’ ’
Fully fluorinated species PFC-14 CF, N 0.09 0.005 88.5[1.0] ~50,000
Fully fluorinated species PFC-116 GF, N 0.25 0.001 5.15[0.12] ~10,000
Fully fluorinated species PFC-218 GF, N 0.28 <0.001 0.74[0.02] ~2600
Fully fluorinated species PFC-318 CF, N 0.32 <0.001 1.99[0.09 | ~3200

2 Effective Radiative Forcing (ERF) calculated by multiplying the stratospheric-temperature adjusted radiative efficiency (SARF) by the global mole
fraction (in ppb) and then applying a tropospheric adjustment factor for the species indicated based on recommended values from chapters 6 and
7 in the IPCC AR6 WGI Report. The Radiative Forcing column is either ERF (where indicated) or SARF. The adjustments to the SARF are CO2: 5% =
5%, CH4: =14% = 15%, N20: 7% = 13-16%.

Radiative efficiencies and lifetimes were taken from Appendix A in WMO (2018) and Hodnebrog et al. (2020a), except for SF6 lifetime from Ray et al.
(2017), CH4 lifetime from Prather et al. (2012). For CO2, numerous removal processes complicate the derivation of a global lifetime. AGGI = Annual
Greenhouse Gas Index. For radiative forcing, see https://www.esrl.noaa.gov/gmd/aggi/aggi.html.

<Mole fractions are global, annual, midyear surface means determined from the NOAA cooperative global air sampling network (Hofmann et al.
2006), except for PFC-14, PFC-116, PFC-218, PFC-318, and HFC-23, which were measured by AGAGE (MUhle et al. 2010; Miller et al. 2010). Changes
indicated in brackets are the differences between the 2022 and 2021 means, the relevant quantities for calculating radiative forcing. These changes
are somewhat different from the 2022 annual increases reported in {LLGHG SECTION}, which are determined as the difference between 1 Jan 2022
and 1 Jan 2021. All values are preliminary and subject to minor updates.

4Global mean estimates derived from multiple NOAA measurement programs (“Combined Dataset”).

¢ ERF calculated values for CFC-11 and CFC-12 are highly uncertain but recommended by the IPCC AR6 WGI Report. Thus, they are included in
parentheses here as the lower confidence value. The adjustment to the SARF for these values is 12% + 13% (Hodnebrog et al. (2020b).
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Global abundance (ppt)

Global abundance (ppt)

Equivalent Effective
Stratospheric Chlorine (ppt)

%00 HFC, HFC-134a, a common mobile

CFC-12 | air-conditioning fluid, has increased by an
average of 5.8 ppt yr since 2012, reaching
124.5 ppt in 2022 (Table 2.8; Fig. 2.58).

One measure of the reactive halogen
loading at a given time and place in the
stratosphere is the equivalent effective
stratospheric chlorine (EESC; Daniel et al.
1995; Montzka et al. 1996; Newman et al.
2007). The presence of reactive halogen
radicals in the stratosphere is mostly due
to the breakdown of CFCs, which still have
high abundances in the atmosphere and

300 — HCFC-22

HFC-134a

100 contribute strongly to EESC. While EESC
80 e provides a measure of reactive strato-

--------------------------------- spheric halogen (Fig. 2.59), it is useful to
60— Halon 1211 x 10 scale the EESC to provide context relative
40 Bl 101 X 19 to stratospheric ozone recovery, and thus

the Ozone Depleting Gas Index (ODGI)
20 | /——7:_//, was developed (Hoffmann and Montzka

HOECEINID e s s B -|  2009). For a full description of both EESC
0 e -t Ak and ODGI, see https://gml.noaa.gov/odgi/.

1995 2000 2005 2010 2015 2020 Briefly, EESC and the ODGI are separated

Fig. 2.58. Global mean abundances (mole fractions) at Earth’s surface (ppt = nmol mol-' in dry air) for a suite of halo-
genated gases, most of which deplete stratospheric ozone. See Table 2.8 for the 2022 global mean mole fractions
of these and other gases. All compounds, except hydrofluorocarbon (HFC)-23, are mid-year global means taken
from https://gml.noaa.gov/aftp/data/hats/. HFC-23 data derived from AGAGE mid-year global means taken from
https://agage2.eas.gatech.edu/data_archive/global_mean/global_mean_mes.txt.

4500
® NOAA obs; weighted trop. data

into two categories, midlatitude and
" Antarctic, because transport processes

_— / \ + Nomobsweighedtop dta | CAUSe Widely different reactive halogen

Antarctic
WMO scenario; weighted tro
4000 sreetep

X ==~ WMO soenario; weighled trop. abundances in these stratospheric regions.
3000 / // KEESC‘M“ ODGI is derived from a simple scaling of
p— / ) ‘ EESC such that an ODGI of 100 represents
\ the peak EESC value, and an ODGI of
2000 [/ / 0 represents the value of EESC in 1980
1500 (Hoffmann and Montzka 2009). Using the
ODGI, recovery of the stratospheric ozone
1000 | layer is expected to reach 1980 levels in
2049 for the midlatitudes and 2076 in the

5001970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080  Antarctic (Fig. 2.59).

Fig. 2.59. The equivalent effective stratospheric chlorine in the Antarctic and midlatitudes (EESC(A) and EESC(ML), respec-
tively) values represent EESC on 1 Jan of each year since 1970. Dashed lines represent tropospheric measurement-derived
scenarios, based on past measurements and, for the future, full adherence to all controls from The Protocol based on the
WMO/UNEP 2018 Ozone Assessment. Solid lines depict inferred stratospheric changes based on the measured tropo-
spheric curves. In 2022, midlatitude and Antarctic EESC were at 1537 ppt and 3635 ppt, which represent reductions of
21% and 12.5% in stratospheric reactive halogen loading from their peaks. Translating this to the Ozone Depleting Gas
Index (ODGI), the midlatitude ODGI is 48.6 and the Antarctic ODGI is 74.1, meaning the stratospheric reactive halogen
loading has declined 52.4% and 25.9% relative to the 1980 benchmark reactive halogen abundance.
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3. AEROSOLS
—S. Rémy, N. Bellouin, M. Ades, M. Alexe, A. Benedetti, O. Boucher, and Z. Kipling

Atmospheric aerosols play an important role in the climate system by scattering and absorbing
radiation and by affecting the life cycle, optical properties, and precipitation activity of clouds
(IPCC ARG, chapter 6; Szopa et al. 2021). Aerosols also represent a serious public health issue
in many countries, and hence are subject to monitoring and forecasting as part of air quality
policies. There is also growing evidence that aerosols influence ecosystems through changes in
the quality and quantity of light and deposition flux of nutrients over land and ocean (Mahowald
et al. 2017).

The Copernicus Atmosphere Monitoring Service (CAMS; http://atmosphere.copernicus.eu)
runs a near-real-time global analysis of aerosols and trace gases. It also produces a reanalysis of
global aerosols and trace gases covering the years 2003-22 (CAMS Reanalysis [CAMSRA]; Inness
etal. 2019), by combining state-of-the-art numerical modeling and in the case of aerosols, remote
sensing retrievals from the Moderate Resolution Imaging Spectroradiometer (MODIS; Levy et al.
2013) and the Advanced Along Track Scanning Radiometer (AATSR; Popp et al. 2016).

Aerosol optical depth (AOD) at 550 nm and particulate matter <2.5um (PM2.5) concentrations
(ug m~)in 2022 (Figs. 2.60a,b) show maxima over India and China, mostly from anthropogenic
sources, as well as from dust over the Sahara and the Middle East. High values from seasonal or
occasional extreme fires are noted over equatorial Africa, Siberia, parts of North America, and
the Amazon basin. There is strong seasonality in AOD (Fig. 2.60c), driven mainly by dust episodes
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Fig. 2.60. (a) Global aerosol optical depth (AOD) at 550 nm in 2022; (b) global surface PM2.5 concentrations (pg m-3) in
2022; and (c) global average of total AOD at 550 nm averaged over monthly (red) and annual (blue) periods for 2003-22.
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between March and July in the Sahara, Middle East, and Taklimakan/Gobi desert and seasonal
biomass burning in Africa, South America, and Indonesia. Globally averaged AOD in 2022 was
the lowest on record, slightly lower than in 2021 and 2020. The summer maximum was much less
pronounced than in 2021, as there were fewer fire emissions in 2022.

The 2022 AOD (Plates 2.1v,w) was much less impacted by large fire events than in 2021.
Positive anomalies due to fires are found above parts of the Amazon basin, following an active
fire season in July and August 2022, and parts of Alaska. South Africa also experienced excep-
tional fires from the end of July to early October, which led to a large positive AOD anomaly
and a number of exceptional AOD days (Plate 2.1x). Dust storm activity was in general lower
than usual over most of the Sahara except over its northwest fringe, while the Taklimakan and
most of the Arabian Peninsula experienced a higher-than-usual amount of dust. Most of the
Southern Hemisphere witnessed a small positive AOD anomaly (see Plates 2.1v,w) between
January and March 2022 associated with the Hunga Tonga—Hunga Ha‘apai (HTHH) eruption of
13-15 January. This eruption led to the largest stratospheric aerosol disturbance since the June
1991 Mt. Pinatubo eruption (Legras et al. 2022), although HTHH mostly impacted the Southern
Hemisphere (see Sidebar 2.2). Monthly stratospheric AOD increased by 0.05 to 0.1 AOD units over
the most affected areas (west of Australia, eastern equatorial Pacific Ocean), where there were
also signals in terms of number of extreme AOD days. The negative anomalies of AOD over East
Asia, Europe, and the Amazon basin (positive anomalies over India and Iran) are associated
with ongoing decreasing (increasing) trends in these regions.

The AOD and PM2.5 2003-22 and 2012-22 trends are shown in Figs. 2.61a—d and are generally
consistent. Between 2003 and 2022, there is a strong negative trend over most of United States,
Europe, East Asia, and parts of the Amazon basin, the latter from reduced deforestation activity.
Positive trends are noted over parts of Siberia, driven by biomass burning events, as well as over
India and Iran, driven by an increase in anthropogenic emissions of aerosol constituents (e.g.,
Wang et al. 2021). Between 2012 and 2022, the picture is slightly different: there is no decreasing

(a) 2003-22 (b) 2003-22
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Fig. 2.61. (a),(b) linear trends of total aerosol optical depth (AOD unit yr-') and PM2.5 (ung m~3 yr') for 2003-22; and
(c).(d) linear trends of total AOD (AOD unit yr') and PM2.5 (ug m-3 yr-') for 2012-22. Only trends that are statistically
significant (95% confidence level) are shown. Regions with decreasing trends include the eastern United States, most of

Europe, parts of Brazil and China, as well as the Korean Peninsula and Japan.
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trend over the Amazon basin, showing that most of the 2003-22 reduction can be explained by
the evolution from 2003 to 2012. The 2012-22 negative trend over Europe and the eastern United
States is weaker than the 2003-22 trend, while over East Asia it is stronger, which is consistent
with the observed decrease of anthropogenic emissions predominantly occurring since 2012 (Li
et al. 2017; Wang et al. 2021). A stronger positive trend between 2012 and 2022 is noted over most
of Iran, while over the same period the positive trend over India is smaller than the 2003-22 trend.

Anthropogenic AOD and radiative forcing resulting from aerosol-radiation (RFari) and
aerosol-cloud interactions (RFaci; see Bellouin et al. 2020 for details) are shown in Fig. 2.62 for
2022 and the period 2003-22. 2022 is the fifth consecutive year showing a decrease in the average
anthropogenic AOD and of the absolute magnitude of RFari and RFaci. This is qualitatively con-
sistent with a reduction in anthropogenic aerosol load (Quaas et al. 2022).

(a) CAMSRA: Anthropogenic AOD. Mean =0.059+0.012
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Fig. 2.62. CAMSRA (a) 2022 average of anthropogenic aerosol optical depth (AOD); (b) global annual average of anthro-
pogenic AOD from 2003 to 2022. Radiative forcing in the shortwave (SW) spectrum due to (c),(d) aerosol-radiation (RFari)
and (e),(f) aerosol-cloud interactions (RFaci). The left column shows the distributions for the year 2022. The right column
shows time series of global averages for the period 2003-22, with the 1-c uncertainties of these estimates shown in gray.
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4. STRATOSPHERIC OZONE
—M. Weber, W. Steinbrecht, C. Arosio, R.van der A, S. M. Frith, J. Anderson, L. M. Ciasto,
M. Coldewey-Egbers, S. Davis, D. Degenstein, V. E. Fioletov, L. Froidevaux, D. Loyola, A. Rozanov,
V. Sofieva, K. Tourpali, R. Wang, T. Warnock, and J. D. Wild

[ Near global (60°5-60°N) ) Stratospheric ozone protects Earth’s bio-
295+ 1 sphere from harmful ultraviolet (UV) radiation.
:o) ggg The phase-out of ozone-depleting substances
580 (ODSs) mandated by the Montreal Protocol and
its Amendments (section 2g2) stopped the con-
350F tinuous decline of stratospheric ozone observed
C before the mid-1990s (Fig. 2.63). Some regions
S 340¢ indicate a slow recovery attributed to the ODS
0 : decline, most notably the upper stratosphere
330¢ (Figs. 2.64a—c; WMO 2022; Arosio et al. 2019;
320 Sofieva, et al. 2021; Coldewey-Egbers et al. 2022;
Godin-Beekmann et al. 2022; Weber et al. 2022).
270 Therate and the sign of long-term ozone changes
=) 265: depend on changes in chemical composition
0 260 (e.g., ODSs) and stratospheric circulation,
255} which vary by region and altitude and are partly
330F SH (35°5.60°S) — due to increasing long-lived greenhouse gases
:\/ 1964-801  (LLGHGs). Both stratospheric cooling due to
320 4 LLGHG and ODS decline are expected to reduce
) - | stratospheric ozone loss outside the polar

0O 310¢ region (Stolarski et al. 2015).
Relative to a base period of 1998-2008,
300 - 2022 annual mean total ozone anomalies
500 1 poleward of 30° latitude in each hemisphere
were mostly negative, while positive anomalies
450 A were observed at lower latitudes and in the
tropics (Plate 2.1y). These anomalies are related
400} 1 to the La Nifia (https://psl.noaa.gov/enso/mei/)
. { and the mostly westerly shear phase of the
= 350 AV VL SH Oct (60°S-90°S) | ] quasi-biennial oscillation (above 30 hPa) in
i (e) 1 2022. The associated weakening of the tropical
300 3 9 upwelling and Brewer-Dobson circulation (BDC)
i 1 leads to higher ozone in the tropics and reduced

250 | msr2 .

ozone transport into high latitudes and, at the
same time, decreases polar stratospheric tem-
Al TR TP TP P TR A T peratures in winter/spring, thereby enhancing
1960 1970 1980 1990 2000 2010 2020 spring polarozone losses (Domeisen et al. 2019).

Fig. 2.63. Time series of annual mean total column ozone (DU) in (a)-(d) four zonal bands and (e) polar (60°-90°) total
column ozone in Mar (Northern Hemisphere, NH) and Oct (Southern Hemisphere, SH), the months when polar ozone
losses usually are largest. Data are from World Ozone and Ultraviolet Radiation Data Centre (WOUDC) ground-based
measurements combining Brewer, Dobson, Systéme D'Analyse par Observations Zénithales (SAOZ), and filter spectrom-
eter data (red; Fioletov et al. 2002, 2008); the BUV/SBUV/SBUV2/OMPS merged products from NASA (V8.7; dark blue;
Frith et al. 2014, 2017), and NOAA (SBUV V8.6, OMPS V4r1; light blue; Wild and Long pers. comm., 2019); the GOME/
SCIAMACHY/GOME-2/0MPS/(TROPOMI) products GSG from University of Bremen (dark green; Weber et al. 2022), and
GTO from the ESA/DLR dataset (light green; Coldewey-Egbers et al. 2015; Garane et al. 2018). MSR2 (purple) assimilates
nearly all ozone datasets after corrections based on the ground-based data (van der A et al. 2015). All datasets have been
bias-corrected by subtracting averages for the reference period 1998-2008 and adding back the mean of these averages.
The dotted gray lines in each panel show the average ozone level for 1964-80 calculated from the WOUDC data. The
thick gray lines in (a) show the median ozone level from CCMI-1 ref C2 model runs (SPARC/I03C/GAW 2019). Most of the
observational data for 2022 are preliminary.

[ GOME/SCIA/OMI/S5P GTO
[ GOME/SCIA/OMI GSG _

[ SBUV/OMPS NASA (MOD
200 [ wouDC ! )
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The variability in lower stratospheric ozone is largest in winter/spring in both hemispheres,
which drives the annual mean variations, as seen in Figs. 2.63 and 2.64.

The various annual mean time series of total ozone (Fig. 2.63) convey the same picture as
observed in Plate 2.1y. At midlatitudes (35°-60°) in both hemispheres (Figs. 2.63b,d), the annual
mean total ozone in 2022 was close to the long-term mean (1998-2008) in the Northern
Hemisphere and at the lower end of values during the last decade in the Southern Hemisphere
(SH). Particularly striking are the very low 2022 values in the SH, which are close to the all-time
low of the previous sixty years. Very low stratospheric ozone is also evident at the 50-hPa level
(Fig. 2.64f). Contrastingly, 50-hPa ozone and total columns from selected datasets (WOUDC,

GSG, GTO) are close to the maximum

2hPa/42km , observed during the last two decades
(a) ozone anomalies (1998 to 2008 baseline) .
15 GOZCARDS, SWOOSH, SAGESCCIIOMPS L, (FlgS. 2.63c, 2.64e).
10 \ NDACC stns (lidar, pwave, FTIR), Sonde stns, In addition to the effect of La Niﬁa,
' " the underwater volcanic eruption from
° a Hunga Tonga-Hunga Ha‘pai (HTHH)
0

in January 2022 may have contributed
to this low annual mean SH ozone in
2022. HTHH injected large quantities

Ozone anomaly (%)
=

5 of aerosols and water vapor into the
0 stratosphere that reduced stratospheric

] temperatures and modified chemical

15 E reaction cycles (sections 2g5, 2g3; Sidebar
10 2.2; Bourassa et al. 2022; Millan et al.
5 2022; Vomel et al. 2022). The weakening
oé of the residual BDC in the SH caused

) by HTHH contributed to the drop in SH
middle lower stratospheric and column

163 ozone in 2022 (Coy et al. 2022; Wang

] et al. 2022). The transport of enhanced

5E aerosol levels into the polar region,
0 and circulation-driven lower polar tem-
-5 peratures may have caused additional
& 104 Antarctic ozone losses (Wang et al. 2022).
TE 52 While the anomalously weak plane-
§ O_E tary wave activity in austral spring was
o the main cause of the deeper Antarctic
g ;8:; ozone holes during the last three years
o (section 6i), recent studies suggest that

] Australian wildfires in December 2019,

0? volcanic events of La Soufriére in April
-5 2021, and HTHH in early 2022 contrib-

L L L B B I B L B L BN L R uted to the low ozone levels in the lower
1980 1985 1990 1995 2000 2005 2010 2015 2020 stratosphere at southern midlatitudes

Fig. 2.64. Annual mean anomalies of ozone in (a)-(c) the upper stratosphere near 42-km altitude or 2-hPa pressure, and
(d)—(f) in the lower stratosphere near 22 km or 50-hPa pressure for three zonal bands: (a),(d) 35°N-60°N, (b),(e) 20°S-20°N
(tropics), and (c),(f) 35°S-60°S. Anomalies are with respect to the 1998-2008 base period. Colored lines are long-term
records obtained by merging different limb (GOZCARDS, SWOOSH, SAGE+CCI+OMPS-L, SAGE+SCIAMACHY+OMPS-L)
or nadir-viewing (SBUV, OMPS-N) satellite instruments. The nadir-viewing instruments have much coarser altitude res-
olution than the limb-viewing instruments. This can cause differences in some years, especially at 50 hPa. The black
line is from merging ground-based ozone records at seven Network for the Detection of Atmospheric Composition
Changes (NDACC) stations employing differential absorption lidars and microwave radiometers. See Steinbrecht et al.
(2017), WMO (2018), and Arosio et al. (2018) for details on the various datasets. Gray shaded area shows the range
of chemistry-climate model simulations from CCMI-1 refC2 (SPARC/I03C/GAW 2019). Ozone data for 2022 are not yet
complete for all instruments and are still preliminary.
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(Figs. 2.63d, 2.64f) and deeper Antarctic ozone holes (Figs. 2.64f; Rieger et al. 2021; Ansmann
et al. 2022; Yook et al. 2022; Strahan et al. 2022; Wang et al. 2022, Solomon et al. 2023).

Ozone profile data (Fig. 2.64f) confirm the low total ozone at southern midlatitudes. Apart
from this, Fig. 2.64 shows ozone values in 2022 that are generally consistent with expectations
from model simulations of the Phase 1 Chemistry Climate Model Initiative (CCMI) based on
current scenarios of ODS and greenhouse gas changes (thick gray line in Fig. 2.63a; shaded
area in Fig. 2.64; SPARC/IO3C/GAW 2019): 1) slow but noticeable recovery of ozone in the upper
stratosphere over the last 20 years (WMO 2022; Godin-Beekmann et al. 2022), with observations
in recent years closer to the lower end of the model simulations; and 2) little or no recovery of
ozone in the lower stratosphere, with recent midlatitude observations at the lower end of the
simulations (Ball et al. 2020; Thompson et al. 2021; Godin-Beekmann et al. 2022; WMO 2022).

5. STRATOSPHERIC WATER VAPOR
—S. M. Davis, K. H. Rosenlof, D. F. Hurst, H. Vémel, and R. Stauffer
Normally, water vapor (WV) entering the stratosphere is regulated by temperatures in the
tropical tropopause layer (TTL; ~14 km-19 km), with higher WV concentrations occurring
when TTL temperatures are higher. However, the 14-15 January 2022 eruptions of the Hunga
Tonga—Hunga Ha‘apai (HTHH) submarine volcano (20.54°S, 175.4°W) injected an amount of

(a) MLS 15°S—15°N water vapor (~50 Tg-150 Tg) into the strato-

Pressure (hPa)
[lllll] T T

TITTT LI

T T T T T T T T T T T T T

sphere that is unprecedented in the satellite
record and represents upwards of 10% of the
entire stratospheric burden of WV (Carr et al.
2022; Khaykin et al. 2022; Legras et al. 2022;
Millan et al. 2022; Proud et al. 2022; Vomel
et al. 2022; see also Sidebar 2.2). By being

[
—
=

injected at between approximately 26 km

(b) MLS 26 hPa and 34 km, WV associated with the HTHH

T

50°N

Oo

50°S
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P T T T T ] eruption bypassed the TTL “cold trap” and
resulted in a dramatic perturbation to WV
and other stratospheric species (e.g., ozone,
section 2g4) that will likely persist for years.

This direct injection of WV into the strato-
sphere by HTHH is evident in the so-called
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“tropical tape recorder” (Mote et al. 1996)

(c) MLS 82 hPa plot (Fig. 2.65a). The WV anomaly appears
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suddenly in early 2022 between roughly
40 hPa and 10 hPa and then ascends through
the stratosphere as part of the meridional
overturning circulation. Within the tropical
latitude band (15°S-15°N), this unprece-
dented zonal-mean monthly-mean anomaly

SEEESen

—

T

Fig. 2.65. (a) Latitude-time contour of tropical (15°S-15°N) lower-stratospheric water vapor (WV) anomalies, with the +2
ppm and +4 ppm values shown as yellow and red contour lines, respectively. (b),(c) Latitude-time contour of WV anom-
alies at (b) 26 hPa and (c) 82 hPa, respectively. All panels are based on version 5.01 Aura MLS data, which has collected
near-global (82°5-82°N) measurements since Aug 2004. Anomalies are differences from the mean 2004-21 WV mixing
ratios (ppm) for each month. (a) shows the unprecedented injection of water vapor directly into the stratosphere by the
Hunga Tonga-Hunga Ha‘apai eruption. (b) shows the southward propagation of the plume at 26 hPa, while (c) shows a
more general propagation of tropical lower-stratospheric WV anomalies to higher latitudes in both hemispheres as well
as the influences of dehydrated air masses from the Antarctic polar vortex as they are transported toward the Southern

1 | 1
2005 2010

(relative to the 2004-21 mean) peaked at
6.4 ppm (parts per million, i.e., umol mol™)
above the climatological normal of 4.1 ppm

1 | 1 1 | 1
2015 2020

I [ [
-1.05 -0.75 -0.45 -0.15 0.15 045 0.75 1.05

H,O anomaly (ppm)

Hemisphere midlatitudes at the end of each year. Tick marks denote the beginning of each year.
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at 26 hPa (~25 km) in March after the enhancement spread northward to fill this band, corre-
sponding to a deviation from the climatological monthly zonal mean of 160% (31 standard
deviations). A latitude—time cross-section of WV anomalies at 26 hPa (Fig. 2.65b) shows that the
HTHH plume quickly spread as far north as 20°N immediately following the eruption, before
being transported into the Southern Hemisphere in subsequent months. Maps of WV anomalies
at 82 hPa (~17 km) and 26 hPa reveal the impact on lower- and mid-stratospheric WV, respec-
tively, from the quiescent period in December 2021 through to the aftermath of the eruption in
February (Fig. 2.66).

Even though they pale in comparison to the mid-stratospheric impacts, tropical lower strato-
spheric WV anomalies were positive (wet) for all months in 2022 (Figs. 2.65a,c). These anomalies
were greatest in February (the first full month post-eruption of HTHH), with values of +1.1 ppm,
corresponding to deviations from the climatological monthly mean of 40%. Over the tropical
latitude band, anomalies were either the most positive on record or second-most positive
between February and July. In addition to propagating upwards, the 82-hPa WV anomalies also
propagated poleward in each hemisphere (Fig. 2.65c).

Lower stratospheric WV observed by Aura Microwave Limb Sounder (MLS) is consistent with
balloon-borne frost point hygrometer soundings (Fig. 2.67). As is well known, at the tropical
stations the WV anomalies are highly correlated with the tropical cold-point tropopause (CPT)
temperature anomalies (Figs. 2.67c,d).

(@) Dec 2021: 82hPa (b) Dec 2021: 26hPa

(©) Jan 2022: 82hPa @) Jan 2022: 26hPa

(e) Feb 2022: 82hPa (f) Feb 2022: 26hPa

-1.05 -0.75 -045 -0.15 0.15 0.45 0.75 1.05
WV anomaly (ppm)

Fig. 2.66. Deseasonalized monthly lower stratospheric Aura MLS vapor (WV) anomalies (ppm; 2004-21 base period) at
(a).(c).(e) 82 hPa and (b).(d).(f) 26 hPa for (a).(b) Dec 2021, (c).(d) Jan 2022, and (e).(f) Feb 2022. Contours of WV anoma-
lies of +2, +4, and +8 ppm are shown in yellow, red, and cyan, respectively.
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In 2022, the tropical CPT temperatures were anomalously high throughout the entire year
except for July (deseasonalized monthly anomaly of —0.04 K), with an annual mean anomaly of
+0.73 K. Interannual variations in CPT temperatures are correlated with interannual variability
in climate modes, such as ENSO and the quasi-biennial oscillation (QBO) in equatorial strato-
spheric winds (e.g., Randel et al. 2004), so these are briefly discussed below.

The criteria for La Nifa was met throughout 2022 (see section 4b for details). La Nifia con-
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(

Cold-point T anomaly

ditions in boreal winter
are typified by weaker
tropical lower stratospheric
upwelling, anomalously
warmer CPTs, and enhanced
WV in the tropical lower
stratosphere (e.g., Garfinkel
et al. 2021). The observed
positive anomalies in tropical
lower-stratospheric WV at
the beginning and end of
2022 are thus consistent with
the expected behavior associ-
ated with a La Nifia.

The QBO phase was
easterly through to September
until switching to westerly for
the remainder of 2022. The
QBO westerly phase is associ-
ated with anomalously weak
tropical upwelling and warm
temperatures. Thus, the
La Nifia and QBO easterlies
had offsetting effects on CPTs
(and hence WYV) at the begin-
ning of 2022, whereas the
QBO westerlies and La Nifa
at the end of 2022 likely con-
tributed to the anomalously
warm CPTs and enhanced
lower-stratospheric WV at
that time.

Fig. 2.67. Lower-stratospheric water vapor (WV) anomalies (ppm) over five balloon-borne frost point (FP) hygrometer
stations. Each panel shows the lower stratospheric anomalies of individual FP soundings (black) and of monthly zonal
averages from MLS data at 82 hPa in the 5° latitude band containing the FP station (red). High-resolution FP vertical
profile data were averaged between 70 hPa and 100 hPa to emulate the MLS averaging kernel for 82 hPa. Each MLS
monthly zonal mean was determined from 2000-3000 profiles. Anomalies for MLS and FP data are calculated relative
to the 2004-21 period for all sites except for Lindenberg (2009-21) and Hilo (2011-21). Tropical cold-point tropopause
temperature (CPT) anomalies based on the MERRA-2 reanalysis (c,d, blue curve) are generally well correlated with the

tropical lower stratospheric WV.

6. TROPOSPHERIC OZONE

—0.R. Cooper, J. R. Ziemke, and K.-L. Chang

Tropospheric ozone is the third most important greenhouse gas, after carbon dioxide and
methane. It contributes to almost all of the effective radiative forcing due to ozone (tropospheric
and stratospheric), estimated by the IPCC Sixth Assessment Report to be 0.47 (0.24 to 0.70)
W m? (Forster et al. 2021). A short-lived climate forcer, its lifetime is on the order of three to
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four weeks (Archibald et al. 2020) and, there- (a') G:obz;l oo b
fore, its global distribution is highly variable 3201 ]
(Gaudel et al. 2018). In situ observations 3001 .y
are too sparse and infrequent to provide an 280 .
accurate quantification of the global distri- 260 -
bution and trends in tropospheric ozone, 240k 4
although in some areas they are abundant I S il |
enough to provide reliable regional-scale 5 110|(b) Northern Hemisphere -
trends (Tarasick et al. 2019; Cooper et al. 3 100F 1
2020; Gaudel et al. 2020; Gulev et al. 2021;  § 22: ]
Chang et al. 2022). ; 70+ a
While the current generation of atmo- _g 60~ 7
spheric  chemistry models is showing § Zg:— 0°—30°N (0.47+0.14 Tg yr™') —— 30°N—60°N(0.28+0.22 Tg yr-l):
reasonable skill in quantifying the global 2 — e
tropospheric ozone burden (TOB) and repro- 110=(c) Southern Hemisphere 7
ducing long-term trends (Skeie et al. 2020; lgg: ]
Szopa et al. 2021; Christiansen et al. 2022; 80 -
Fiore et al. 2022; Wang et al. 2022), their 701 .
estimates vary, and further development gg: VW\/AMW\‘MLV\MN‘(A i
is required before they can provide reliable 40 —— 0°_30°5 (0.45£0.25 Tg yr!) —— 30°5_60°5(0.470.14 Tg yr) -
near-real time estimates of the global ozone S S

dlstrll?utlon. Instruments on polar O%‘blt}ng Fig. 2.68. Monthly averages (solid lines) and 12-month
satellites are our best means for monitoring running means (dashed lines) of OMI/MLS tropospheric
tropospheric ozone on the global scale. ozone burdens (Tg) from Oct 2004 through Dec 2022 for
While currently available satellite products (a) 60°5-60°N (black), (b) the Northern Hemisphere tropics

have limited vertical resolution, they can (red) and midlatitudes (dark red), and (c) the Southern
Hemisphere tropics (light blue) and midlatitudes (dark

rep.ort tropospheric column .ozone values, green). Slopes of linear fits to the data are presented with
which can be summed to provide near-global  their 95% confidence-level uncertainties.

estimates of the tropospheric ozone burden.

Since 2012, State of the Climate reports have relied on the combined Aura Ozone Monitoring
Instrument and Microwave Limb Sounder satellite ozone measurements (OMI/MLS) to quantify
the near-global tropospheric ozone burden and trends (Ziemke et al. 2019). Vertical resolution of
OMI/MLS monthly tropospheric column ozone (TCO) is ~3 km near the tropopause with ~2 Dobson
units (DU; 7%) precision regionally; trend uncertainties are about 0.5 DU decade™ (1.5% decade™).
In 2022, the strongest positive TCO anomalies (relative to 2005-21) occurred from East Asia to the
northeastern North Pacific (~>1.2 DU; 3%), while the negative anomalies were weak and were
limited to Australia and New Zealand (Plate
2.1z). Hemispheric and global TOB were
160+6 Tg (0°-60°N), 149+6 Tg (0°-60°S), and
309+8 Tg (60°S—60°N) for 2022 (95% confi-
dence ranges). Globally (60°S-60°N), the
2004-22 TOB increase was approximately
1.50+0.37 Tg yr7, equal to a total increase of
~8% since 2004 (Fig. 2.68). Spatially, the
trends are overwhelmingly positive
(Fig. 2.69), with the strongest trends occur-
ring in the tropics, consistent with the

-3 -2 -1 -05 0 05 1 2 3 conclusions of the IPCC AR6, which assessed
DU decade™
Fig. 2.69. Linear trends in OMI/MLS tropospheric column ozone (DU decade™") on a 5° x 5° grid from Oct 2004 through
Dec 2022. Circles denote trends with p-values <0.05. Trends were calculated using a multivariate linear regression model
(e.g., Randel and Cobb 1994 and references therein) that included a seasonal cycle fit and the Nifio-3.4 index as an El
Nifio-Southern Oscillation proxy; trend uncertainties included autoregressive adjustment via Weatherhead et al. (1998).
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observed tropospheric ozone trends from the late twentieth century to 2016-18 (Gulev et al.
2021).

At the surface, six baseline sites are available for quantifying multi-decadal ozone trends
through the end of 2022 (Fig. 2.70; Table 2.9). Trends are estimated by the generalized least
squares method, based on monthly anomalies referenced to the monthly climatological values
over 200020 (Chang et al. 2021). At northern high latitudes, ozone has increased at the rate of
0.50+0.32 ppbv decade™ (p<0.01) since 1973 at Barrow Observatory, Alaska, while ozone at
Summit, Greenland, has decreased by 2.25+0.92 ppbv decade (p<0.01) since 2000. At northern
midlatitudes, ozone has decreased by 0.97+1.15 ppbv decade™ (p=0.09) since 1988 at Tudor Hill,
Bermuda, but with large fluctuations.

70(a) Arrival Heights | Barrow  Surmit

Nighttime observations at Mauna Loa 6o- South Pole. Tudor Hilll Mauna Loa
Observatory (MLO), Hawaii, are repre- g . | ‘
sentative of the lower free troposphere of =,/ | L ‘ ‘ ‘.' 4\ ,,W \‘
the central North Pacific Ocean and show & g0 | 4 fﬁ \( ‘N“‘{“ “‘H. i |1lV§ ”‘ (“\ w“m‘
a positive trend of 0.92:040 ppbv © 20 |
decade® (p<0.01) since 1973. In the 10-
southern high latitudes, ozone at Arrival __ 104(®)
Heights, Antarctica, changed little since % o
1996, with a weak increase of <=
0.27+0.56 ppbv decade (p=0.33). Ozone E 0
at South Pole, the most remote location az 5.
on Earth, increased by 0.35:0.35 ppbv ~ §
-10-

decade™ (p=0.05) since 1975. While these
data provide a range of trends at remote

locations, they are too sparse to provide Fig. 2.70. (a) Monthly mean surface ozone (ppb) at Barrow
a global mean surface trend, and surface Observatory, Alaska (gray), Summit, Greenland (orange),
trends do not necessarily reflect trends in Tudor Hill, Bermuda (blue), Mauna Loa, Hawaii (purple), Arrival

) Heights, Antarctica (red), and South Pole (green). Monthly means
the free troposphere, which have been  re produced for months with at least 50% data availability
overwhelmingly positive since the 1990s  using observations from all 24 hours of the day. The locations
(Gulev et al. 2021; Fiore et al. 2022), in  of each site are listed in Table 2.9. (b) The same time series after
conversion to monthly anomalies referenced to the monthly
climatological values over 2000-20 and smoothed variability
column product. based on the locally weighted scatterplot smoothing (LOWESS)

regression.

1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

agreement with OMI/MLS tropospheric

Table 2.9. Ozone trends at the six baseline monitoring sites shown in Fig. 2.70. Trends are estimated by the generalized least
squares method, based on monthly anomalies referenced to the monthly 2000-20 base period (Chang et al. 2021), and
reported with 95% confidence intervals and p-values.

Site name — latitude, longitude, elevation (m) Yrs with data Trend, ppbv decade'
Summit, Greenland — 72.6°N, 38.5°W, 3238 m 2000—present —2.25+0.92 p<0.01
Barrow, Alaska — 71.3°N, 156.6°W, 11 m 1973—present 0.50+0.32 p<0.01
Tudor Hill, Bermuda — 32.3°N, 64.9°W, 30 m 210%838_;23;,( -0.97+1.15 p=0.09
Mauna Loa Observatory (MLO), Hawaii — 19.5°N, 155.6°W, 3397 m 1973-present 0.92+0.40 p<0.01
Arrival Heights, Antarctica — 77.8°S, 166.8°W, 50 m 1996—present 0.27+0.56 p=0.33
South Pole, Antarctica — 90.0°S, 59.0°E, 2840 m 1975—present 0.35+0.35 p=0.05
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7. CARBON MONOXIDE
—J. Flemming and A. Inness

Carbon monoxide (CO) is an indirect climate forcing agent because of its chemical feedbacks
with the hydroxyl radical (OH), which controls the atmospheric lifetime of methane (CH,), and
because of its role as a precursor for tropospheric ozone (Szopa et al. 2021, section 6.3.3.2). Both
methane and tropospheric ozone are also short-lived climate pollutants. CO is emitted into the
atmosphere by combustion processes originating from anthropogenic sources, such as road
transport and energy generation, as well as from natural sources, such as wildfires and biogenic
emissions. Of similar or larger size than these emissions is the chemical production of CO in
the atmosphere from formaldehyde as part of the oxidation chains of CH,, isoprene, and other
volatile organic trace gases (Zheng et al. 2019). Oxidation of CO by reaction with OH is the main
loss process for CO, resulting in an atmospheric lifetime of one to two months. The greater abun-
dance of OH in the summer of each hemisphere is a main reason for the typical CO seasonal cycle
that peaks in winter.

Monthly and annual global mean total columns of CO together with combined annual anthro-
pogenic and wildfire emissions for the period 2003-22 are shown in Fig. 2.71. The year 2022 has

the lowest overall global CO burden and the TLEeEver sw— 1 1 1250
lowest total CO emissions in the period. The 165 0 o Ty

low emissions in 2022 were a consequence of TR
less intense wildfire activity and a general & [

decrease in anthropogenic CO emissions. 5 1.7k T[E=E ”
Figure 2.71 suggests a good qualitative agree- 3 >
ment between the variability and trends of gLer T%=
global CO burden (lines) and global CO emis- & 1.5} 41050
sions (points) for the study period. However, -

the CO emissions and the CO burden are not s J1000
perfectly correlated, which is an indication of o

theadditional influence of the varied chemical  Fig. 2.71. Time series of the area-averaged global total
production and destruction of CO onits global ~ column of carbon monoxide (CO) from the CAMS reanalysis
burden. Furthermore, while the CO wildfire (x 10" molecules cm?, left axis, black: monthly mean values;

emissions and CO burden were inferred from
satellite observations, the anthropogenic
emissions are only projections based on inventories and the biogenic emissions are from a
modeled multi-year climatology, both with considerable uncertainties for the details for 2022.

The spatial distribution of the annual anomalies of 2022 with respect to the period 200322 is
shown in Plate 2.1aa. The mid and high latitudes show large-scale negative anomalies throughout
the year. These were most pronounced in the summer seasons when the wildfire activity was
lower than in some previous years (e.g., 2021, 2019) that saw strong wildfires. The positive CO
anomalies in northern India can be attributed to anthropogenic sources, such as agricultural
fires. The continuation of La Nifla conditions in the tropical Pacific resulted in a pronounced
negative anomaly over Maritime Southeast Asia during September—November. Stronger-than-
usual wildfire activity in tropical and southern Africa and tropical South America led to positive
CO anomalies, particularly in the second half of 2022.

The Copernicus Atmosphere Monitoring Service (CAMS; https://atmosphere.copernicus.eu/)
has produced a retrospective analysis of CO, aerosols, and ozone since 2003 by assimilating
satellite retrievals of atmospheric composition with the European Centre for Medium-Range
Weather Forecasts (ECMWF) model (Inness et al. 2019). This CAMS reanalysis assimilated global
Thermal Infra-Red total column CO retrievals (V6 from 2003 to 2016; Near Real Time [NRT] V7 from
January 2017 to June 2019; NRT V8 from July 2019 to present) of the Measurement of Pollution in
the Troposphere instrument (Deeter et al. 2014, 2017, 2019), excluding observations poleward of
65° N/S, using the ECWMF 4D-VAR data assimilation system. The anthropogenic emissions were
taken from the Monitoring Atmospheric Composition and Climate megacity (MACCity) inventory
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(Granier et al. 2011) that accounts for projected emission trends according to the Representative
Concentration Pathway (RCP) 8.5 scenario, but COVID-19-related emissions modifications were
not applied. Biomass burning emissions were taken from the Global Fire Assimilation System
(v1.2; Kaiser et al. 2012; section 2h3) that is based on MODIS fire radiative power retrievals (Giglio
et al. 2016). Monthly mean biogenic CO emissions simulated by the Model of Emissions of Gases
and Aerosols from Nature version 2.1 (MEGAN2.1) model following Sindelarova et al. (2014) were
used for the period 2003-17, after a monthly-mean climatology derived from the 2003-17 simu-

lations was applied.

h. Land surface properties

1. TERRESTRIAL SURFACE ALBEDO DYNAMICS

—G. Duveiller and N. Gobron

The changes in brightness of the land’s surface, referred to as its albedo, emerge from the
combined effect of multiple land processes, notably a darkening in the visible part of the spectrum
caused by increased vegetation growth, a brightening due to dry conditions, and a strong effect
depending on the presence of snow. In 2022, the land surface was overall darker compared to the
reference period of 2003-20. This darkening can be attributed to a combination of greener-than-
usual regions along with considerable snow cover deficits in the Northern Hemisphere (section
2c5), which were not offset by the brightening that could have been expected following the
multiple heatwaves that occurred in 2022 (section 2b4).
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Fig. 2.72. Zonally averaged (a) white sky visible (%) and
(b) near infrared (%) albedo anomalies for the period
2003-22 using a 2003-20 base period.
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La Nifia was responsible for increased pre-
cipitation in several areas during 2022, leading
to greening (and thus darkening), generating
distinct features in the global anomaly maps
(see Plate 2.1ab for anomalies in visible albedo
and compare to anomalies in precipitation),
notably in southern Africa, eastern Australia,
and northeastern Brazil. Snow deficits in
the Arctic, in Eastern Europe, and in a small
area of the midwestern United States further
characterize the darkening patterns in 2022,
while larger and longer extents of snow cover
in North America and Tibet brightened these
latter areas. Drier conditions following heat-
waves did not offset the darkening effects,
with localized exceptions in eastern Africa,
Paraguay and Argentina, Mexico and the
central United States, and Turkey.

The patterns of surface albedo anomalies
consolidate the darkening trend over the years,
specifically for visible albedo (Figs. 2.72, 2.73).
Surface albedo is generally known to be
decreasing considerably in the Arctic due to
reductions of terrestrial snow cover, snow
cover fraction over sea ice, and sea-ice extent,
driven mostly by increasing surface air tem-
perature and declining snowfall (Zhang et al.
2019; see Chapter 5). Negative trends of albedo
have also been reported over the vegetated
surfaces in various regions, even though
land-cover change and other effects can
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brighten the land as well (Chrysoulakis et al. 2019). The non-snow-related albedo reductions are
in line with increasing trends in the fraction of absorbed photosynthetically active radiation
(FAPAR; section 2h2), that could possibly be associated with increasing trends in greening across
some areas, while browning occurs in others (Cortés et al. 2021).

10

I(a) IVisiIbIel l i

————7— 17— This analysis is based on satellite records
of visible and near-infrared white-sky albedo
estimated from the Moderate Resolution
Imaging Spectroradiometer (MODIS) instru-
ment onboard the Aqua and Terra satellite
platforms (Schaaf et al. 2002). Also known as
bi-hemispherical reflectance, it is defined as
the fraction of radiation that is reflected by

the surface in the absence of a direct radia-
tion component and when the diffuse
radiation component is isotropic. This situa-

2t . :
b tion would correspond to a hypothetical
Ui 1 overcast or foggy day, in which the sky would
DY kb b be white (and hence the name: white-sky
, L i albedo). Various studies have shown that
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Fig. 2.73. Global (black lines), Northern Hemisphere (blue), 2013).01‘ vegetation (Cesc.attl etal. 2012). Th?
and Southern Hemisphere (red) land surface (a) visible and  baseline reference period used here is
(b) near infrared albedo anomalies (%; 2003-20 base period) 2003-20, covering the extent of the MODIS
for the period 2003-22. Dotted lines denote each monthly  yocord where data from both satellite plat-

period; solid lines indicate the six-month running averaged

mean.

forms (Terra and Aqua) are available.

2. TERRESTRIAL VEGETATION DYNAMICS
—N. Gobron

The fraction of absorbed photosynthetically active radiation (FAPAR) provides evidence on the
amount of vegetation and its health status, and is, therefore, important in assessing the primary
productivity of the vegetative cover, the associated fixing of atmospheric carbon dioxide and
the energy balance at the surface. FAPAR anomalies in 2022 compared to the 19982020 average
show wide variations in terms of value and geographic coverage of vegetation productivity
worldwide (Plate 2.1ad).

The largest negative anomalies (decreased plant photosynthesis) occurred in North America,
across Alaska and the Yukon territory, Kansas, and Texas through to northeast Mexico and in
East Africa (Somalia, Ethiopia, Kenya, Uganda, and Tanzania). Negative anomalies also occurred
in South America (Argentina, Paraguay, and Bolivia). To a lesser extent, negative anomalies
appeared on the Pacific zones of Colombia and Ecuador, southern zone of Chile, and Atlantic
coast of Angola and Namibia. Madagascar, Morocco, and northern Algeria were also affected.
Several negative hotspots concerned southwest and northern Australia, western Russia, and
central Europe.

The most noticeable positive anomalies (increased vegetated photosynthesis) appeared
over northern Canada, northeastern Brazil, Botswana, southern Africa, southern and eastern
Asia, and eastern Australia. Smaller anomalies were noticeable over the Sahel region and over
northern Russia.

The negative anomalies over the boreal forest in Alaska and the Yukon were due to spring
wildfires associated with earlier snowmelt. Summer rainfall was lower and later than normal,
with higher temperatures than usual (see section 7b). There were precipitation deficits from
Kansas in the United States to the northeast of Mexico throughout the year, which affected shru-
bland growth. Heatwaves occurred in January and July over northern Argentina and Paraguay,
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Anomaly (FAPAR)

respectively, and temperatures were the highest on record at both the start and the end of
2022 with a strong deficit of precipitation over these regions, as well as Bolivia (see section 7d).
East African vegetation health declined in the spring as the temperature was higher than normal
with a rainy season ending with cumulatively low rainfall. Strong seasonal negative anomalies
occurred over Europe in spring and summer and over the northern United States in autumn;
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Fig. 2.74. Zonally averaged fraction of absorbed photosyn-
thetically active radiation (FAPAR) anomalies for 1998-2022
(1998-2020 base period).
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Fig. 2.75. Global (black lines), Northern Hemisphere (blue),
and Southern Hemisphere (red) fraction of absorbed pho-
tosynthetically active radiation (FAPAR) anomalies for
1998-2022 (1998-2020 base period). Dotted lines denote
each monthly period; solid lines indicate the six-month
running averaged mean.

however, these seasonal events were not
detectable in the annual anomaly as positive
anomalies occurred in other seasons.

The Arctic ecosystem, characterized by
low tundra vegetation over northern Canada
(Nunavut) and northern Russia (Kara Sea)
shows a greening trend due to higher tem-
peratures during the summer. Terrestrial
photosynthesis was enhanced over eastern
China and India, with vegetation growth
increasing since 2015 due to land use
changes, along with an intensification of
the production of multiple crops (Gobron
2019; Chen et al. 2019). Northeastern Brazil,
with tropical forests along the coast and
savanna, had a positive FAPAR annual
anomaly of above +0.4, as both precipitation
and temperature were above normal. Similar
conditions occurred over Botswana, South
Africa, and eastern Australia, which corre-
spond to the typical impact of La Nifia.

Figure 2.74 shows the average latitudinal
anomalies from 1998 to 2022 compared to the
reference period 1998-2020. In 2022, the
anomaly was positive at nearly all latitudes,
apart from a few places such as above the
equator and south of 30°S, highlighting the
greening of land surfaces. The Southern
Hemisphere (SH) was affected by negative
anomalies (i.e., less than —0.04), from 2002 to
2014, except in 2010-12, and in 2019/20.

Figure 2.75 shows the global and hemi-
spheric anomalies, with more seasonal
variability in the SH than in the Northern
Hemisphere (NH). FAPAR anomalies over the
SH were positive before 2002, started to be

negative until 2010/11 and during the summer periods in 2015/16, 2018/19, and 2019/20, but were
positive for all of 2022. The NH experienced fewer negative events compared to the SH. Since
2021/22, both the SH and NH recorded only positive FAPAR anomalies.

Space-based earth observations are crucial for monitoring terrestrial photosynthetic activity
worldwide. Optical sensors are used to infer FAPAR, an essential climate variable (as defined
by GCOS [2016, 2022]). The 2022 analysis merges 25 years of global FAPAR monthly products
based on three optical sensors from 1998 to 2022 (Gobron et al. 2010; Pinty et al. 2011; Gobron
and Robustelli 2013). Uncertainties of each dataset were derived through error propagation
techniques and comparisons against multiple proxies using ground-based measurements and
radiative transfer simulations that all provide an estimate of the uncertainties and biases. This
long-term FAPAR dataset has an estimated uncertainty close to 5%-10%.
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3. BIOMASS BURNING
—J. W. Kaiser and M. Parrington

The year 2022 continued to illustrate the two distinct trends that have emerged in global
biomass burning over the last decade that are shaping current pyrogeography: a declining trend
in many savanna regions related to agricultural expansion and an increasing trend in many
forested regions where climate change with severe drought periods increases the flammability of
the landscape (Plate 2.1ae). Here we characterize the amount of biomass burning, also referred to
here as “fire activity” and more widely as wildfires, with the amount of carbon that is consumed
by fire; 80%-95% of this is emitted as carbon dioxide, depending on fire type (smoldering vs.
flaming), 1%-2% is emitted as particulate matter and subject to deposition within a few days,
and the remainder (CO, CH »and others) is further oxidized to carbon dioxide in the atmosphere.
In a stable ecosystem, virtually all of this carbon dioxide is assimilated again on time scales
of years by re-growth of vegetation. In the current situation however, 20% is estimated to con-
tribute to the long-term buildup of atmospheric carbon dioxide (Zheng et al. 2023).

On one hand, 2022 had the lowest fire activity in the Global Fire Assimilation System (GFAS)
record (1603 Tg C, 22% below the 2003-20 average; Table 2.10; Plate 1.1), with fire activity in
tropical Asia at its lowest since at least 2003. On the other hand, there was significant regional
fire activity in boreal North America, southwestern and Central Europe, and central South

Table 2.10. Annual continental-scale biomass burning budgets in terms of carbon emission (Tg C yr-') from GFASv1.4. The
Arctic and western United States are listed as subregions of frequent interest; their values are contained in those for North
America plus Northern Asia.

Name of Region Location 2003-20 Mean value? (min—max) 2022 Value® 2022 Anomaly? (%)
Global - 2062 (1781-2421) 1603 —460 (—22%)
North America 30°N-75°N, 190°E-330°E 85(57-114) 77 -8 (-10%)
Central America 13°N-30°N, 190°E-330°E 52 (38-72) 45 7 (-14%)
South America 60°5-13°N, 190°E-330°E 368 (242-537) 376 +9 (+2%)
Europe and Mediterranean 30°N-75°N, 330°E-60°E 42 (28-72) 37 =5(=12%)
N. Hem. Africa 0°-30°N, 330°E-60°E 421 (308-494) 333 —88(-21%)
S. Hem. Africa 0°-35°S, 330°E-60°E 477 (429-532) 450 =27 (-6%)
Northern Asia 30°N-75°N, 60°E-190°E 199 (116-436) 110 —89 (-45%)
Southeast Asia 10°N-30°N, 60°E-190°E 122 (86-162) 69 —53 (-44%)
Tropical Asia 10°N°-10°S, 60°E-190°E 166 (27-475) 22 —144 (-87%)
Australia 10°S-50°S, 60°E—190°E 129 (60-232) 83 —46 (—36%)
Arctic 67°N-90°N, 0°~360° 8(1-37) 7 ~1(=17%)
(sub-region)

Western United States 30°N-49°N, 230°E-260° 19(8-42) 16 ~2 (-12%)
(sub-region)
@Quantity given in Tg Cyr!
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America (Plate 2.1ae; Fig. 2.76). After the
extreme fires of 2019 and 2020, fire activity
in the Arctic Circle and southeast Australia
was again near and below average,
respectively.

Global fire emissions are dominated by
savanna burning except for rare episodes
of extreme tropical peat burning during
El Nifio conditions. African fire emissions
account for roughly half of the total fire
carbon emissions in the Global Fire
Emissions Database (GFED) and GFAS
time series, and fires over savanna regions
have decreased over the past decade
(Andela et al. 2017). This trend continued
in 2022 over Northern Hemisphere Africa
with  emissions 21%  below the
200320 average, marking the third suc-
cessive year with lower fire activity than
any years in the record before 2019
(Fig. 2.77a). Southern Hemisphere Africa
also contributed to the trend, albeit to a
lesser degree. Fire activity in tropical
Asia—including Indonesia—was the
lowest on record (Fig. 2.77c); here, wet
La Nifia-related conditions continued as
the dominant physical driver. While the
long-term global trend is partly driven by
agricultural expansion into savanna eco-
systems and its associated fragmentation
of the landscape, unusual patterns of
high or low rainfall and more or less envi-
ronmental protection also influence
interannual variability on top of the
declining trend.

South America was the only conti-
nental region to experience above-average
activity (+2%; Fig. 2.77b) in 2022, due
to the increased numbers of fires
across northern Argentina, Paraguay,
Bolivia, and some parts of the Amazon.
In this region, 2020 and 2022 saw the
highest fire activity of the last 12 years,
which is consistent with the signifi-
cant droughts in much of this region
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Fig. 2.76. Global map of fire activity in 2022 in terms of carbon
consumption (g C m-2 yr"). (Source: GFASv1.4.)
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Fig. 2.77. Regional time series of monthly (lines in Tg C month-")
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in (@) Northern Hemisphere Africa, (b) South America, and
(c) tropical Asia.

(section 2d10) as well as increased deforestation in the Amazon since 2019 for Brazil
(http://www.obt.inpe.br/OBT/assuntos/programas/amazonia/prodes). At higher northern lat-
itudes, North America and northern Asia experienced negative anomalies (-10% and —45%,
respectively) overall, although there was regionally increased fire activity during the summer
months for Alaska, the Yukon and Northwest Territories, and Khabarovsk Krai.

GFAS is operated to produce global fire emission estimates in near real-time by the
Copernicus Atmosphere Monitoring Service (CAMS; Kaiser et al. 2012). It is based on the MODIS
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Fire Radiative Power products (Giglio et al. 2016). Here, we use consistent reprocessing with
input from MODIS Collection 6 for the entire period of 2003-22. The 14% bias with respect to
Collection 5 has been corrected, and the satellite- and observation time-specific bias correction
factors from Hiiser et al. (2018) have been applied in order to compensate for several outages of
observations from the MODIS instruments during 2022. The Aqua and Terra satellites carrying
MODIS have been in drifting orbits during 2022 with an overall shift of the local equator
crossing times of <15 minutes (https://aqua.nasa.gov/sites/default/files/AquaStatus.pdf;
https://terra.nasa.gov/wp-content/uploads/2022/09/Orbit-Changes-Terra.pdf); we consider this
to be negligible for GFAS. The time series in Plate 1.1 also puts GFAS in the context of GFED4s,
which is mostly based on burnt area observation and dates back to 1997 (van der Werf et al. 2017).

4. PHENOLOGY OF PRIMARY PRODUCERS
—D. L. Hemming, O. Anneville, Y. Aono, T. Crimmins, N. Estrella, A. Menzel, 1. Mrekaj, J. O'Keefe, T. Park,
A. D. Richardson, J. Rozkosny, T. Rutishauser, T. H. Sparks, S. J. Thackeray, A. J. H. van Vliet, and F. West.
During 2022, land surface phenology derived from the MODIS Normalized Difference
Vegetation Index (NDVI, adimensionlessindex of the difference between visible and near-infrared
reflectance of vegetation cover, where higher values indicate denser, green vegetation) over the
Northern Hemisphere (>30°N; Park et al. 2016), was compared to NDVI over the 200020 baseline
period (Fig. 2.78). The hemispheric mean Start and End of Season (SOS,, and EOS,) for the
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Fig. 2.78. (a) Time series of area-mean anomalies (days relative to 2000-20 baseline) in MODIS Normalized Difference
Vegetation Index (NDVI)-based vegetation-growing-season onset (start of season, SOS , green) and satellite-derived
(MERRA-2) spring (Mar-May, pink) temperature for the Northern Hemisphere. (b) Same as (a) but for growing season
end (end of season, EOS ,, green) and autumn (Sep-Nov, pink) temperature. Note the temperature scale reversal for
(a). (c).(d) Spatial pattern of (c) SOS,, and (d) EOS,, anomalies in 2022 with respect to the baseline. Highlights identify
the location of sites shown in Figs. 2.79 and 2.80 and discussed in the text (country mean phenology data, yellow; site
PhenoCam and phenology observations, magenta; lake phytoplankton, blue).
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baseline period is 16 May and 11 October, respectively, and in 2022, SOS , was 1.1 days earlier and
EOS,, was similar to the baseline (Figs. 2.78a,b; Table 2.11). Regionally, earlier SOS,, occurred
across central and northeastern Eurasia (EA), Alaska, and northern Canada. The warmer spring
(+0.23°C) led to 2.5 days earlier SOS, in EA. Most of North America (NA) experienced later SOS,,
(+1.7 days) in 2022 (Fig. 2.78c) due to the colder (-0.18°C) and wetter (+0.05 mm day™) spring,
particularly over U.S. croplands. Northern NA and western EA showed later EOS,, (+0.8 days)
whereas earlier EOS,, (-0.4 days) was observed in southern NA and eastern EA (Fig. 2.78d). Time
series of the two decades of the MODIS record show continuous advancement and delay trends
in SOS , and EOS , (SOS ;: -1.6+0.4 days decade™, p<0.001; EOS,: +1.2+0.5 days decade™, p=0.07).

PhenoCam data (Seyednasrollah et al. 2019) helped link the coarse resolution of
satellite-derived phenology with fine-resolution visual observations on organisms and ecosys-
tems (Richardson 2019). PhenoCam estimates (2008-22) of SOS (SOS,) and EOS (EOS,) at
Harvard Forest, a deciduous forest in Massachusetts (United States) were compared with ground
observations of red oak (Quercus rubra; SOS,,and EOS_; Richardson and O’Keefe 2009; O’Keefe

RO’

Table 2.11. Start of season (SOS), end of season (EOS), and full bloom dates (FBD; for native cherry tree observations only)
for MODIS mean across the Northern Hemisphere (NH MODIS, >30°N), land phenology records in USA (Harvard: PhenoCam,
red oak, and MODIS mean across Harvard Forest; USA National Phenology Network, USA-NPN, mean covering northeastern
United States), Europe oak records (Germany, Netherlands, Slovakia, UK, and MODIS mean across UK) and Japan (native
cherry tree observations and MODIS mean across Japan). The baseline period is 2000-20 for all records except PhenoCam
and NPN, which have baseline periods of 2008-22 and 2011-22, respectively, spanning the available observations. Nega-
tive/positive values represent earlier/later dates.

Location/Record  SOS/FBD 2022 fag:é IF:‘E I'.)si?fsef'zlrgch'e EOS 2022 EOS Baseline ';?);2')_ g::z"i:‘n‘:
(date) (date) 2022-Baseline (date) (date) (days)
(GED)
NH MODIS 15 May 16 May -1 11 Oct 11 Oct 0
Harvard MODIS 26 Apr 24 Apr -2 1 Dec 5 Dec +3
Harvard PhenoCam 9 May 7 May -2 16 Oct 22 Oct +5
Harvard red oak 13 May 6 May -7 18 Oct 19 Oct 0
USA-NPN 7 May 6 May -1 27 Sep 3 Oct +6
UK MODIS 6 Apr 30 Mar -7 23 Dec 12 Dec -10
Germany 29 Apr 28 Apr +1 12 Nov 6 Nov +6
Netherlands 17 Apr 20 Apr -3 19 Dec 27 Nov +22
Slovakia 1 May 26 Apr +6 14 Oct 18 Oct —4
UK 19 Apr 24 Apr -5 10 Dec 1 Dec +9
Japan MODIS 9 Apr 21 Apr -12 - - -
Japan 1 Apr 6 Apr -5 - - -
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2021) and MODIS (SOS,, and EOS,) for the
associated pixel (Figs. 2.79a,b). These were
also compared with red oak observations
contributed to Nature’s Notebook, the United
States National Phenology Network’s (NPN)
monitoring across the northeastern United
States (Rosemartin et al. 2014; Crimmins
et al. 2022). In 2022, SOS,,, SOS_, and SOS,,
were zero, three, and two days later, respec-
tively, compared to 2021. EOS,. EOS,, and
EOS,, were 17, 7, and 13 days earher compared
to0 2021 (Figs. 2.79a,b). Interannual variability
of start and end of season for Harvard Forest
are broadly consistent with those from the
NPN, which wunderscore the value of
volunteer-contributed data for tracking phe-
nology at local to continental scales. The
earlier EOS,. in 2022 yielded a growing
season of 160 days, more than two weeks
shorter compared to 2021 and a full week
shorter compared to the 2011-20 average
(167+7 days; Table 2.11).

‘First leaf’/’start of leaf unfolding’ (SOS )
and ‘leaf falling’/’bare tree’ (EOS.) dates
for oak (Quercus robur and/or Q. petraea)
from Germany (D), the United Kingdom
(UK), Netherlands (NL), and Slovakia (SK)
are presented (Figs. 2.79¢,d). In 2022, SOS
dates varied across Europe from 5 and 3 days
earlier than the baseline (in UK and NL) to
1 and 6 days later (in D and SK), while EOS
dates were earlier by 4 days (SK) and later by
6, 9, and 22 days (D, UK, and NL; Table 2.11).

Start- and end-of-season events across
Europe are strongly influenced by tempera-
ture (Menzel et al. 2020); SOS advances by
four to six days per 1°C increase in the mean
February-April temperature, and EOS; is
delayed by two to four days per 1°C increase
in the mean September—October tempera-
ture. In 2022, the later EOS dates in D, UK,
and NL were, in part, associated with unusu-
ally high autumn temperatures, encouraging
leaf activity and resulting in a longer 2022
‘oak season’ at these locations (for UK, see
Kendon et al. 2022). In SK, high spring,
summer, and autumn air temperatures and
soil moisture deficits in 2022 encouraged
later leaf out and early leaf fall and led to the
shortest oak season since 2000.
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Fig. 2.79. Day of year of spring (green shades) and autumn
(orange and brown) vegetation phenology indicators
for (a).(b) Harvard Forest, Massachusetts, derived from
PhenoCam, red oak ground observations, MODIS remote
sensing (dashed), and USA-National Phenology Network
(NPN) regional-scale means for red oak (calculated across
the northeastern states of Pennsylvania, New Jersey, New
York, Connecticut, Rhode Island, Massachusetts, Vermont,
New Hampshire, and Maine, 1 std. error shaded), (c).(d),
Germany, UK, Netherlands, and Slovakia mean oak and
MODIS Europe mean, and (e) Kyoto, Japan, full bloom day
observations for cherry trees and MODIS Japan mean start
of season.
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In Kyoto, Japan, full bloom dates (FBD)
for a native cherry tree species, Prunus
jamasakura, were acquired from historical
documents dating back to 812 AD (Aono and
Kazui 2008) and updated with current obser-
vations at Arashiyama, which are compiled
from daily observations made by railway
passengers at train stations and recorded
in newspapers and on web sites (Fig. 2.79e).
In 2022, FBD was five days earlier than the
2000-20 mean (Table. 2.11).

Monitoring data on lake water concentra-
tions of the photosynthetic pigment
chlorophyll-a were available to estimate
spring  phytoplankton phenology in
1 Southern Hemisphere and 10 Northern
Hemisphere lakes (Fig. 2.80). Seasonal
timing was quantified for start of season
(SOS,; Park et al. 2016), day of maximum
concentration (DOM,), and center of gravity
(COG,, an estimate of the mid-point of the
plankton bloom; Edwards and Richardson
2004). Lake basins showed great interannual
variation and mixed phenological behavior
in 2022 relative to the 200020 baseline. The
Norway lake, Mjgsa, and the Southern
Hemisphere lake in New Zealand, Taupo,
showed different seasonal changes to other
lakes related to snow melt and southern
season, respectively. SOS, occurred earlier
than the baseline median for most (8 of 11)
lakes, and DOM, occurred later in most lakes
(8 of 11). For COG,, no consistent pattern was
observed.

5. VEGETATION OPTICAL DEPTH
—R. M. Zotta, R. van der Schalie,
W. Preimesberger, L. Moesinger,
R. A. M. de Jeu, and W. Dorigo

Microwave radiation emitted or reflected
by Earth’s surface is strongly affected by
available surface water, including that which
is stored in living biomass. The portion
of the radiance attenuated by the canopy
is expressed by vegetation optical depth
(VOD), a parameter used in radiative transfer
models to describe radiance interaction with
vegetation. VOD is closely related to canopy
water content (Konings et al. 2017), leaf area
index (Vreugdenhil et al. 2017), and gross
primary production (Teubner et al. 2019;
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Fig. 2.80. Phenological metrics based on lake chlorophyll-a
concentrations, as a proxy of phytoplankton biomass:
(a) start of season, (b) day of maximum, and (c) center
of gravity. Boxplots show variation during the 2000-20
baseline period, and red dots show 2022 values. Dashed
line identifies Northern Hemisphere (Blelham Tarn in UK,
Bourget in France, Esthwaite Water in UK, Geneva in France/
Switzerland, Kasumigaura in Japan, Kinneret in Israel, Loch
Leven in UK, Mjosa in Norway, north and south basins of
Windermere in UK) and Southern Hemisphere (Taupo in
New Zealand) lakes.

Wild et al. 2022) and is a good indicator of vegetation response to climate variability. Positive
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VOD anomalies correspond to above-average vegetation development, while negative VOD
anomalies indicate stressed or underdeveloped vegetation.

Globally, the year 2022 saw similar annual VOD anomaly patterns to 2021 and 2020 (Dorigo
et al. 2022, 2021). In the Southern Hemisphere, where there is a clear connection between vege-
tation activity and variations in the El Nifio—Southern Oscillation (Miralles et al. 2014; Martens
et al. 2017), anomalies became positive (Figs. 2.81, 2.82). The relationship with climate modes is
not straightforward, however, as VOD is also affected by drivers such as moisture availability,
temperature, radiation, carbon dioxide fertilization, and land management (Gonsamo et al.

2021; Reichstein et al. 2013).

Widespread positive anomalies are
seen in southern Africa and Australia
(Plate 2.1af). In these regions, the
patterns became more positive compared
to 2021 (Supp. Fig. A2.9), coinciding with
the persistence of La Nifia throughout
2022, which brought above-average
rainfall (see sections 7e5, 7h4). Other
regions where positive patterns have
prevailed include the Sahel, India,
and northeastern China. Negative VOD
anomalies occurred in the Great Plains
in North America, the Parana River Basin
in South America, and eastern Africa
(Plate 2.1af). Most of these negative
patterns coincided with precipitation
deficits associated with La Nifia and/or
the negative Indian Ocean dipole mode
(section 2e1; Mo et al. 2009; Santos et al.
2021; Anderson et al. 2022; Barlow et al.
2002). The negative VOD anomalies in
the Great Plains (Plate 2.1af) coincide
with reports of poor vegetation health
issued by the NOAA National Centers
for Environmental Information (NOAA
2023) for the American West, central and
southern Plains, through the Mississippi
Valley, and into the northeast. The
negative patterns in the Parana River
basin occurred in a region with intense
wildfire activity (section 2h3), facilitated
by dry conditions that persisted for a
fourth consecutive year (Neumann et al.
2021). Below-average precipitation trends
continued in East Africa (Anderson et al.
2022) and intensified towards the end of
the year, leading to strong negative VOD
anomalies (Plate 2.1af). Other remarkable
negative VOD anomalies were observed
in Europe from July to September (Supp.
Fig. A2.10). Notably, in Spain, France,
central and northern Italy, central
Germany, Hungary, Romania, Slovenia,
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and Croatia, the main summer crops were severely affected due to exceptionally hot and dry
weather conditions (Baruth et al. 2022). Negative VOD prevailed in Algeria and Morocco (Plate
2.1af) as well, with the Food and Agriculture Organization (FAO) reporting below-average cereal
production due to widespread drought (FAO 2022). In China, vegetation conditions were affected
by a precipitation deficit and heatwave in August (Toreti et al. 2022), which appear as negative
VOD anomalies in central China, especially during July, August, and September (Supp. Fig. A2.10).

Several long-term patterns resulting from land-use change also prevailed in 2022 (Plate 2.1af;
Dorigo et al. 2021). Due to deforestation and land degradation, below-average VOD occurred in
Mongolia, Bolivia, Paraguay, and Brazil (Song et al. 2018). The intensification of agricultural
production and reforestation led to above-average VOD in India and northeastern China, respec-
tively (Song et al. 2018).

The VOD anomalies were computed from the VOD Climate Archive (VODCA; Moesinger et al.
2020). VODCA fuses VOD observations derived from several space-borne radiometers (Special
Sensor Microwave/Imager [SSM/I], Tropical Rainfall Measuring Mission [TRMM], WindSat,
Advanced Microwave Scanning Radiometer-Earth Observing System [AMSR-E] and Advanced
Microwave Scanning Radiometer 2 [AMSR2]) through the Land Parameter Retrieval Model
(Meesters et al. 2005; van der Schalie et al. 2017) into a harmonized, long-term (1987-2022)
dataset. VODCA version 2 contains individual products for Ku-band (covering 1987-2022),
X-band (1997-2022), C-band (2002-22), and L-band (2010-22), as well as a multi-frequency
product called VODCA CXKu (1987-2022) which blends the highly correlated Ku-, X-, and C-band
observations. All VODCA products are at 0.25° spatial and daily temporal resolutions. Here, we
used VODCA CXKu to compute anomalies from the long-term (1991-2020) climatology. VODCA
CXKu is indicative of upper canopy dynamics.
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Appendix 1: Chapter 2 — Acronyms

4D-VAR four-dimensional variational data assimilation

AAO Antarctic Oscillation

AATSR Advanced Along Track Scanning Radiometer

AGAGE Advanced Global Atmospheric Gases Experiment

AIRS Atmospheric Infrared Sounder

ALT active layer thickness

AMSR2 Advanced Microwave Scanning Radiometer 2

AMSR-E Advanced Microwave Scanning Radiometer-Earth Observing System
AMSU Advanced Microwave Sounding Unit

AO Arctic Oscillation

AOD aerosol optical depth

ASCAT Advanced Scatterometer

ASR absorbed solar radiation

BDC Brewer-Dobson circulation

BOM Bureau of Meteorology

BUV backscattering ultraviolet

a3s Copernicus Climate Change Service

CALIPSO Cloud-Aerosol LIDAR and Infrared Pathfinder Satellite Observations
CAMS Copernicus Atmosphere Monitoring Service

CAMSRA Copernicus Atmosphere Monitoring Service Reanalysis

cd Climate Change Initiative

Q] Chemistry Climate Model Initiative

CDR climate data record

CEl4 Climate Extremes Index component 4

CERES EBAF Clouds and the Earth’s Radiant Energy System Energy Balance and Filled
CFC-11 trichlorofluoromethane

CFC chlorofluorocarbon

CH,Cdl, methyl chloroform

CH, methane

CHIRPS Climate Hazards Group Infrared Precipitation with Station data
CLASSnmat Climate Linked Atlantic Sector Science night marine air temperature
CcMIP Coupled Model Intercomparison Project

CMIP6 Phase 6 of the Coupled Model Intercomparison Project

o carbon monoxide

o, carbon dioxide

C0G, center of gravity

COSMIC Constellation Observing System for Meteorology, lonosphere, and Climate
CPT cold-point tropopause

CRUTS Climatic Research Unit Gridded Time Series

DOM, day of maximum concentration

DU Dobson units

EBAF Energy Balance and Filled

ECMWF European Centre for Medium-Range Weather Forecasts

ECV essential climate variable

EESC equivalent effective stratospheric chlorine

ENSO El Nifio—Southern Oscillation

EOS end of season

ERAS European Centre for Medium-Range Weather Forecasts Reanalysis version 5
ERB Earth radiation budget
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ERFs effective radiative forcings

ESA European Space Agency

ET Penman-Monteith Potential Evapotranspiration

ETCCDI Expert Team in Climate Change Detection and Indices
EUR Eurasia

EUR Europe

FAO Food and Agriculture Organization

FAPAR fraction of absorbed photosynthetically active radiation
FBD full bloom dates

FF fossil fuel

FLASHFlux Fast Longwave and Shortwave Radiative Fluxes

FP frost point

GAW Global Atmosphere Watch

GCM general circulation model

GCOS Global Climate Observing System

GFAS Global Fire Assimilation System

GFED Global Fire Emissions Database

GHCND Global Historical Climatology Network Daily

GHCNDEX Global Historical Climatology Network Index

GISTEMP GISS Surface Temperature Analysis

GLEAM Global Land Evaporation Assessment Model

GLM Geostationary Lightning Mapper

GNSS global navigation satellite system

GOES Geostationary Operational Environmental Satellite
GOME Global Ozone Monitoring Experiment

GOZCARDS Global Ozone Chemistry and Related Trace Gas Data Records for the Stratosphere
GPCC Global Precipitation Climatology Centre

GPCP Global Precipitation Climatology Project

GPS-RO GPS radio occultation

GRACE Gravity Recovery and Climate Experiment

GRACE-FO Gravity Recovery and Climate Experiment Follow-On
G-REALM Global Reservoir and Lake Monitoring

GSL Global Snow Lab

GTN-P Global Terrestrial Network for Permafrost

GWP global warming potential

H,0 water vapor

HadCRUT5 Hadley Centre/Climatic Research Unit Temperature version 5
HadISD3 Hadley Centre Integrated Surface Database version 3
HadISDH Hadley Centre Integrated Surface Database Humidity
HadSST The Met Office Hadley Centre’s sea surface temperature dataset
HCFC hydrochlorofluorocarbon

HFC hydrofluorocarbon

HIRS High-Resolution Infrared Sounder

HTHH Hunga Tonga—Hunga Ha‘apai

(o]») Indian Ocean dipole

IPCC ARG Intergovernmental Panel on Climate Change Sixth Assessment Report
ISS International Space Station

ITCZ Intertropical Convergence Zone

JRA-55 Japanese 55-year Reanalysis

LIS Lightning Imaging Sensor

LLGHG long-lived greenhouse gases

LOWESS locally weighted scatterplot smoothing
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LSwt lake-surface water temperature

LTT lower-tropospheric temperature

LWCRE longwave cloud radiative effect

MACCity Monitoring Atmospheric Composition and Climate megacity
MAT marine air temperature

MCS marine cold-spell

MCS mesoscale convective systems

MEGAN2.1 Model of Emissions of Gases and Aerosols from Nature version 2.1
MERRA-2 Modern-Era Retrospective Analysis for Research and Applications version 2
MHW marine heatwave

MLO Mauna Loa Observatory

MLS Microwave Limb Sounder

MODIS Moderate Resolution Imaging Spectroradiometer
MOPITT Measurement of Pollution in the Troposphere

MSLP mean sea-level pressure

MSU Microwave Sounding Unit

N,0 nitrous oxide

NA North America

NAE North Atlantic/European

NAO North Atlantic Oscillation

NDACC Network for the Detection of Atmospheric Composition Changes
NDVI Normalized Difference Vegetation Index

NH Northern Hemisphere

NIWA National Institute of Water and Atmospheric Research
NMAT night marine air temperature

NOAAGlobalTemp  NOAA Merged Land Ocean Global Surface Temperature Analysis
NPN National Phenology Network

NRT near real time

0, tropospheric ozone

oDGl Ozone Depleting Gas Index

0DS Ozone-depleting substance

OH hydroxyl radical

OISST Optimum Interpolation Sea Surface Temperature

OLR outgoing longwave radiation

OMI Ozone Monitoring Instrument

OMPS Ozone Mapping and Profiler Suite

OMPS-L Ozone Mapping and Profiler Suite-Limb

OMPS-N Ozone Mapping and Profiler Suite-Nadir

PATMOS-X Pathfinder Atmospheres — Extended

PERMOS Swiss Permafrost Monitoring Network

PNA Pacific/North American

q specific humidity

QBO quasi-biennial oscillation

QuikSCAT Quick Scatterometer

RCP Representative Concentration Pathway

RFaci aerosol-cloud interactions

RFari aerosol-radiation

RGIK rock glacier inventories and kinematics

RGV rock glacier velocities

RH relative humidity

RSS Remote Sensing Systems

RSW reflected shortwave
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SAGE Stratospheric Aerosol and Gas Experiment
SAM Southern Annular Mode

SA0Z Systeme D'Analyse par Observations Zénithales
SAWS South African Weather Service

SBUV Solar Backscatter Ultraviolet Radiometer

SCE snow-cover extent

SCIAMACHY Scanning Imaging Absorption Spectrometer for Atmospheric Cartography
scPDSI self-calibrating Palmer Drought Severity Index
SH Southern Hemisphere

SLSTR Sea and Land Surface Temperature Radiometer
SO, sulfur dioxide

Sol Southern Oscillation Index

SORCE Solar Radiation and Climate Experiment

SOS start of season

SPARC Spatial Analysis and Resource Characterization
SSM/I Special Sensor Microwave/Imager

SSMIS Special Sensor Microwave Imager/Sounder
SST sea-surface temperature

Sw shortwave

SWCRE shortwave cloud radiative effect

SwoTt Surface Water and Ocean Topography

TCO tropospheric column ozone

TQWvV total column water vapor

™I TRMM Microwave Imager

TOA top-of-atmosphere

TOB tropospheric ozone burden

TRMM Tropical Rainfall Measuring Mission

TSI total solar irradiance

TSIS-1 Total Solar and Spectral Irradiance Sensor-1
TTL tropical tropopause layer

TIT tropical tropospheric temperature

T, wet bulb temperature

TWS terrestrial water storage

UAHNMAT University of Alabama in Huntsville night-time marine air temperature
uT upper tropospheric

UTH upper-tropospheric humidity

uv ultraviolet

VEI Volcanic Explosivity Index

VoD vegetation optical depth

VODCA Vegetation Optical Depth Climate Archive

w.e. water equivalent

WGMS World Glacier Monitoring Service

WMO World Meteorological Organization

WwoubC World Ozone and Ultraviolet Radiation Data Centre
wv water vapor
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Appendix 2: Chapter 2 — Supplemental Material

NASA GISS
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Fig. A2.1. NASA GISS 2-m surface temperature anomalies (°C; 1991-2020 base period).
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Fig. A2.2. ERA5 2-m surface temperature anomalies (°C; 1991-2020 base period).
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Fig. A2.3. JRA-55 2-m surface temperature anomalies (°C; 1991-2020 base period).

HadCRUT 5.0
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Fig. A2.4. HadCRUT5 2-m surface temperature anomalies (°C; 1991-2020 base period).

SEPTEMBER 2023 | State of the Climate in 2022 BAMS 2. GLOBAL CLIMATE S123



(a) TXx - max Tmax

-1
Anomaly (°C)
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Fig. A2.5. (a) Extreme temperature anomalies in 2022 based on GHCNDEX for (a) hottest day of
the year (°C; TXx), (b) annual number of warm days (TX90p), and (c) annual number of cool nights
(TN10p). Base period is 1961-90.
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Fig. A2.6. Maps indicating grid cells where the temperature indices for 2022 ranked in the three
highest or three lowest values based on GHCNDEX since 1951 for (a) hottest day of the year (TXx),
(b) annual number of warm days (TX90p), and (c) annual number of cool nights (TN10p).
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Fig. A2.7. Monthly average global lower-tropospheric temperature (LTT) anomalies (°C; 1991-2020
base period) for (a) radiosonde, (b) satellite, and (c) reanalysis datasets. Time series are smoothed
using a 12-month running average. Annual averages are displayed for the RATPAC dataset.
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Fig. A2.8. Monthly average soil moisture anomalies for 2022 (m* m-3; 1991-2020 base period). Data are masked where no
retrieval is possible or where the quality is not assured and flagged, for example due to dense vegetation, frozen soil, or
radio frequency interference. (Source: C3S Soil Moisture.)
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2.f.2 Mauna Loa Apparent Transmission

Simulation of Tonga aerosol dispersion in the layer 19-27 km for 8-18 Mar 2022, derived from Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) data.

https://figshare.com/articles/media/CALIOP_Latm-GMAO-19_27km_v2-10_20MAR-22_mp4/22704607/1

2.h.5 Vegetation Optical Depth

-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08
Change in VOD from 2021 to 2022

Fig. A2.9. Difference in average CXKu vegetation optical depth (VOD) between the years 2022 and
2021. Brown/green colors indicate areas where VOD in 2022 was lower/higher than in 2021. (Source:
VODCA.)
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Fig. A2.10. VODCA monthly CXKu vegetation optical depth (VOD) anomalies for 2022 (1991-2020 base period). VOD
cannot be retrieved over frozen or snow-covered areas, which is why they are masked in winter.
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3. GLOBAL OCEANS

G. C. Johnson and R. Lumpkin, Eds.

a. Overview

—G. C. Johnson and R. Lumpkin

An unusual “triple-dip” La Nifia, described in Sidebar 3.1, had continuing, wide-spread ram-
ifications for the state of ocean and climate in 2022. Triple-dip La Nifias are not unprecedented,
but until now have always followed an extreme El Nifio. Anomalously low sea-surface tem-
peratures (SSTs) in the eastern tropical Pacific persisted from August 2020 through December
2022, with only a brief intermission in May-July 2021. Strengthened easterly trade winds drove
anomalously strong westward surface currents and brought cold waters to the surface in the
eastern equatorial Pacific while also accumulating anomalously salty and warm waters in
the western equatorial Pacific, raising sea level there. These cold upwelled waters resulted in
anomalously large fluxes of carbon dioxide from the ocean to the atmosphere and heat from the
atmosphere to the ocean, with anomalously high chlorophyll concentrations found around its
edges. Fresh sea-surface salinity (SSS) anomalies strengthened off the equator in the Pacific as
the Intertropical Convergence Zone (ITCZ) and South Pacific Convergence Zone and associated
rainfall shifted poleward.

A negative phase of the Pacific Decadal Oscillation continued in 2022, with warm SST and
high ocean heat content values in the center of the North Pacific basin, and colder and lower
values around the edges. However, the North Pacific marginal seas, except the eastern Bering
Sea, were anomalously warm. A persistent 2020-22 poleward shift in the Kuroshio extension
was evident in both ocean heat content and zonal surface current anomalies.

The Indian Ocean dipole (I0D) was negative in 2022, with positive SST anomalies in the east
and negative anomalies in the west. As expected with a negative IOD, upper-ocean heat content
and sea-surface height were anomalously high in the east and lower (although still above the
climatological means) in the west. With warm water in the east came an eastward shift in precip-
itation, yielding anomalously low SSS there and anomalously high SSS in the west.

In the Atlantic, SST, upper-ocean heat content, and sea level were all above average over
much of the basin in 2022, with especially high values off the east coast of North America.
The only location with both cold SST and low ocean heat content anomalies was southeast of
Greenland, potentially a fingerprint of slowing meridional overturning circulation. Sea-surface
salinity values were anomalously high in salty regions and anomalously low around the ITCZ,
off the Amazon, and in the subpolar North Atlantic. All of this was similar to 2021 conditions in
that basin.

As discussed in Sidebar 3.1, continued La Nifia conditions through 2022 kept global annual
average SST anomalies below record-high territory, but the last decade of SST is higher than
any other in the observation period. In addition, from 2021 to 2022, annual average ocean heat
content from 0 to 2000 dbar increased at a rate equivalent to ~1.1 W m™ of energy applied over
the ocean surface, and global sea level increased by ~3.3 mm. Both set new record highs. In
haiku form:

Surface cooling from,
triple-dip La Nifia but,
seas rise, absorb heat.
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In addition, the oceans absorbed anthropogenic carbon at a rate of ~3.3 Pg C yr? in 2022, 23%
above the 19902020 average. The continued ocean uptake of heat and carbon dioxide delay and
reduce atmospheric warming, respectively, but at the cost of sea-level rise, ocean warming and
marine heatwaves, ocean acidification, and reduced ocean-dissolved oxygen concentrations, as
discussed in Sidebar 3.2.

b. Sea-surface temperatures

—X.Yin, B. Huang, Z.-Z. Hu, D. Chan, and H.-M. Zhang

Sea-surface temperature (SST) changes and their uncertainties in 2022 are assessed over the
global and individual ocean basins using three updated SST products: Extended Reconstruction
SSTversion5(ERSSTv5; Huangetal.2017,2020), U.K. Met Office Hadley Centre SST (HadSST.4.0.1.0;
Kennedy et al. 2019), and Daily Optimum Interpolation SST (DOISST v2.1; Huang et al. 2021a).
SST anomalies (SSTAs) are calculated relative to their 1991-2020 baseline period climatologies.
The magnitudes of SSTAs are compared against SST standard deviations (SD) over 1991-2020.

The year ended with the third La Nifia winter in a row (see Sidebar 3.1). This prolonged La Nifia
resulted in a slowdown in the global ocean warming trend during 2020-22. Specifically, the
2022 global mean ERSSTv5 SSTA relative to a 1991-2020 baseline was 0.18+0.01°C, slightly higher
than that of 2021 (0.14+0.01°C), but lower than those 0f2019 (0.25+0.02°C) and 2020 (0.23+0.01°C),
the years prior to and at the beginning of the triple-dip La Nifia. Despite the influence of La Nina,
2022 still ranked as the sixth-hottest year on record since 1854 in terms of global-mean SST, equal
with 2018. Here, uncertainty, reported as 95% confidence intervals, is estimated by a Student’s
t-test using a 500-member ERSSTv5 ensemble with randomly drawn parameter values within
reasonable ranges during SST reconstructions (Huang et al. 2015, 2020).

Annually averaged SSTAs in 2022 (Fig. 3.1a) exhibited a pattern typical of La Nifia in the
Pacific. In the central and eastern tropical Pacific, SSTAs were mostly lower than —0.5°C and

between -1.0°Cand -1.5°Calong the equator,

3°NE

30°S+

60°S |

90°S

extending from South America westward to
the central Pacific. In the South Pacific, east
of 170°W between 65°S and 45°S, SSTAs
were between —0.2°C and -1.0°C. Between
the two colder-than-normal regions and in
the western Pacific, SSTs were mostly above
normal by over 0.5°C. Except for the areas
along the western North American coast,

the North Pacific was dominated by positive

SSTAs, particularly over the northwest
region between 30°N and 50°N, where high
SSTAs were observed between +1.0°C and
+2.0°C. The Atlantic Ocean was marked by
positive SSTAs of between +0.2°C and +1.0°C
in the North Atlantic and between +0.2°C
and +0.5°C in the tropical and South
Atlantic. In the tropical Indian Ocean, an

Indian Ocean dipole (IOD; Saji et al. 1999)

was formed with SSTAs between —0.2°C and

-5 -0 <05 02 02 05 10 15 20 -0.5°C in the west and between +0.2°C and
SST anomaly (°C) . . .

+0.5°C in the east (see section 4f for details).

Fig. 3.1. (@) Annually averaged sea-surface temperature The IOD index has been negative since May
anomalies (SSTAs) in 2022 (°C) and (b) difference of annually 5071 and was the strongest (-1.2°C in July

averaged SSTAs from the previous year (2022 minus 2021; °C).
Values are relative to 1991-2020 climatology and the SSTA

2022) since the 1920s. SSTAs above +0.5°C

difference is significant at 95% confidence in stippled areas. =~ W€I€ observed in parts of the Arctic Ocean,

particularly in the Barents Sea.
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The 2022-minus-2021 SSTAs show mixed localized patterns of increases and decreases
(Fig. 3.1b). The lower cold-tongue SSTs and higher SSTs in the western Pacific around Australia
indicate the strengthening of La Nifia in 2022. Except for the western Pacific between 20°N and
40°N and in the Bering Sea, the North Pacific was mostly warmer in 2022 than 2021. The pro-
nounced warming in the central and western North Pacific, more than +1.5°C around 45°N and
165°W, is consistent with a persistent negative phase of the Pacific Decadal Oscillation (Mantua
and Hare 2002). In the Indian Ocean, there was no obvious SST change north of the equator
(<0.2°C). Areas north and south of Australia and southeast of southern Africa showed warming
of between +0.2°C and +1.0°C. Cooling of up to —0.5°C was seen in the area from the middle of
the tropical southern Indian Ocean northwestward across Madagascar to the coast of equatorial
East Africa. As a result, a negative I0D event lasting from May to October was observed in 2022.

Overall patterns of seasonal mean SSTAs (Fig. 3.2) are similar to the annual mean pattern
(Fig. 3.1) due to the sustained La Nifia event. The negative SSTAs in the central-eastern tropical
Pacific persisted (-1.0°C to -1.5°C; 1 to 2 SDs below average) in all seasons, particularly in
December—February (DJF) and September—November (SON). In the North Pacific, positive SSTAs
were first seen in the central-western region across 45°N in DJF and continued getting stronger
while expanding rapidly with nearly full coverage of the North Pacific during June—August (JJA)
and SON. In the Indian Ocean, the negative IOD pattern peaked in JJA. The seasonal variability
of SSTAs in the North Atlantic Ocean was high, with negative anomalies in the subarctic sur-
rounding Greenland during March—May (MAM), but became overall positive during SON, with a
center in the western midlatitude North Atlantic Ocean. The midlatitude Atlantic Ocean was
warmer than normal throughout the year, with SSTAs largest during SON 2022 in the North
Atlantic and DJF 2021/22 in the South Atlantic. SSTAs in the tropical Atlantic were only weakly

90°N
60°N 1.
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Fig. 3.2. Seasonally averaged sea-surface temperature anomalies (SSTAs) of ERSSTv5 (°C; shading) for (a) Dec 2021-Feb
2022, (b) Mar-May 2022, (c) Jun-Aug 2022, and (d) Sep-Nov 2022. The normalized seasonal mean SSTAs based on the
seasonal mean standard deviation (1 SD) over 1991-2020 are indicated by contours of -2 (dashed white), -1 (dashed
black), 1 (solid black), and 2 (solid white).
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positive, and the Atlantic Nifio index (ATL3; Zebiak 1993), which was greater than 0.5°C during
May-December 2021, was below 0.5°C except in January and March 2022. SSTAs in the Arctic
Ocean were slightly negative (-0.5°C to —0.2°C) in DJF and MAM but mostly positive (+0.5°C to
+2.0°C) in JJA and SON.

In 2022, large positive SSTAs resulted in a series of marine heatwaves (Oliver et al. 2017;
Perkins-Kirkpatrick et al. 2019; Babcock et al. 2019; Huang et al. 2021b) in various parts of
the world. For example, in the Bay of Plenty, New Zealand, the country’s longest continuous
marine heatwave was recorded (Moana Project 2022; Figs. 3.2a,b). Also, in the summer of 2022,
the Mediterranean Sea observed record-setting marine heatwave events, increasing from the
previous summer in duration, total surface areaimpacted, and intensity as per the Mercator Ocean
International organization (Fig. 3.2c; see section 2b4 for more details on marine heatwaves).

Global-mean SSTs manifest the acceleration in global warming (Figs. 3.3a,b), with 9 years in
the last decade included in the top 10 hottest years on record. Based on ERSSTv5 (Table 3.1;
Fig. 3.3), from 1950 to 2022, the linear trend in global-mean SSTA was 0.10+0.01°C decade™.
Regionally, warming was largest in the tropical Indian Ocean (0.14+0.02°C decade™) and smallest
in the North Pacific (0.09+0.04°C decade™). In recent decades, trends in all areas have increased,
and in some areas substantially. From 2000 to 2022, the global mean trend was 0.15+0.06°C
decade™. In the North Pacific, the regional 19502022 trend was the smallest but became the
largest (0.40+0.12°C decade™) considering only the recent period from 2000 onward (Fig. 3.3d).

Large variations of North Atlantic annual mean SSTAs are evident at interannual to inter-
decadal time scales (Li et al. 2020; Fig. 3.3f). The interdecadal component is mainly associated
with the Atlantic Multidecadal Variability (AMV; Schlesinger and Ramankutty 1994), also known
as the Atlantic Multidecadal Oscillation. Some possible contributors to the AMV include aerosol
emissions and variations in the strength of the Atlantic meridional overturning circulation
(AMOC; Zhang et al. 2019; Wang and Yang 2017; section 3h). The North Atlantic experienced
warm periods from the 1930s to the 1950s and from the late 1990s to the 2010s, and cold periods
before 1930 and from the 1960s to the early 1990s (Li et al. 2020). SSTAs in the North Pacific
(Fig. 3.3d) decreased from the 1960s to the late 1980s, followed by an increase from the later
1980s to the 2010s.

Table 3.1. Linear trends (°C decade™") of annually and regionally averaged sea-surface temperature anomalies (SSTAs) from
ERSSTv5, HadSST4.0.1.0, and DOISST. The uncertainties at a 95% confidence level are estimated while accounting for the
effective degrees of freedom (sampling number) quantified using lag-1 autocorrelation of annual-mean SST time series.

Product Region 2000-22 1950-2022
HadSST.4.0.1.0 Global 0.17+0.06 0.12+0.02
DOISST Global 0.19+0.05 N/A
ERSSTV5 Global 0.15+0.06 0.10+0.01
ERSSTv5 Tropical Pacific (30°5-30°N) 0.11+0.16 0.10+0.02
ERSSTV5 North Pacific (30°N-60°N) 0.40+0.12 0.09+0.04
ERSSTv5 Tropical Indian (30°5-30°N) 0.17+0.08 0.14+0.02
ERSSTV5 North Atlantic (30°N-60°N) 0.18+0.09 0.12+0.04
ERSSTV5 Tropical Atlantic (30°S-30°N) 0.14+0.08 0.11+0.02
ERSSTv5 southern oceans (30°S—60°S) 0.13+0.05 0.10+0.02
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ERSSTv5 was compared with HadSST.4.0.1.0 and DOISST v2.1. SSTA departures of DOISST and
HadSST.4.0.1.0 from ERSSTv5 are largely within 2 SDs (gray shading in Fig. 3.3) except in the
1960s-1970s and before the 1910s. The 2-SD was derived from a 500-member ensemble analysis
based on ERSSTv5 (Huang et al. 2020) and centered on SSTAs of ERSSTv5. During both the longer
and shorter trend periods (Table 3.1), the warming trend of global SST in HadSST4.0.1.0 was
consistent with those of ERSSTv5 but at a higher rate. In the 2000s—2010s, SSTAs were slightly
higher in DOISST than in ERSSTv5 in the Southern Ocean, tropical Atlantic, tropical Indian
Ocean, and tropical Pacific. As a result, SST trends were slightly larger in DOISST over
2000-22 than in ERSSTv5.
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Fig. 3.3. Annually averaged sea-surface temperature anomalies (SSTAs; °C) of ERSSTV5, (solid white) and 2 standard devia-
tions (SDs, gray shading) of ERSSTv5, SSTAs of HadSST.4.0.1.0 (solid red), and SSTAs of DOISST (solid green) in 1950-2022
except for (b) and (f). (a) Global, (b) global in 1880-2022, (c) tropical Pacific, (d) North Pacific, (e) tropical Indian, (f) North
Atlantic in 1880-2022, (g) tropical Atlantic, and (h) southern oceans (30°S-60°S). The 2-SD envelope was derived from
a 500-member ensemble analysis based on ERSSTv5 and centered to SSTAs of ERSSTv5. The years 2000 and 1950 are
indicated by dotted vertical black lines.
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Sidebar 3.1: The 2020-22 triple-dip La Niia
—M. J. MCPHADEN

The tropical Pacific experienced a third successive year of
unusually cold sea-surface temperatures (SSTs) in 2022,
making 2020-22 the first "triple-dip" La Nifia of the twenty-first
century (Fig. SB3.1a). Three-year La Nifia events are rare but
not unprecedented; similar events occurred in 1998-2001 and
in 1973-76. Compared to single-year El Nifio-Southern
Oscillation (ENSO) events, such extended periods of anoma-
lous SSTs in the tropical Pacific result in elevated risks from
natural hazards because of the prolonged impacts these
multi-year events have on patterns of weather variability
world-wide. Back-to-back years of excessive rains in Australia,
one of the most severe and extended droughts on record for
the Horn of Africa, and exceptional drought in portions of the
western United States during 2020-22 are just a few examples
of how this multi-year La Nifa affected the climate system.
Moreover, these protracted La Nifia conditions have occurred
in the context of a warming world, so impacts have not only
been felt over consecutive years but have also been com-
pounded by human-caused climate change.

Below-normal SST anomalies first appeared in the eastern
and central equatorial Pacific in August 2020 and, except for a
brief period in May—July 2021, equatorial SSTs remained below
the —0.5°C threshold considered to be an indicator of La Nifa
(Fig. SB3.1a). As illustrated for October-December 2022 (Figs.
SB3.1b,c), associated with these below-normal SSTs is an
intensified and westward-shifted Pacific Walker circulation
characterized by stronger-than-normal surface trade winds
(see Fig. 3.13a), unusually strong westerly winds in the upper
troposphere, a westward shift in atmospheric deep convec-
tion, and a drying of the central equatorial Pacific. In addition,
rain bands of both the Intertropical Convergence Zone in the
Northern Hemisphere and the South Pacific Convergence Zone
in the Southern Hemisphere were shifted poleward away
from the unusually cold equatorial SSTs that favor suppressed
convection. Heavy rains and flooding in Australia, Indonesia,
and the Philippines and drought conditions in the island
states of the central Pacific (see Fig. 3.12a) we direct conse-
quences of these shifts in precipitation, prevalent not just in
October-December 2022, but over much of the past three
years. Anomalous atmospheric heating that accompanied this
large-scale rearrangement in rainfall also drove far-field tele-
connections to other parts of the globe (e.g., Taschetto et al.
2020), affecting many of the extreme weather events that
were observed outside the tropical Pacific since late 2020.

A leading hypothesis for multi-year La Nifas is that they
occur on the rebound from preceding strong El Nifos (DiNezio
et al. 2017) which, through recharge oscillator dynamics (Jin
1997), drain the equatorial band of upper-ocean heat content
leaving a large heat deficit that takes multiple years to recover.
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Fig. SB3.1. (a) Monthly mean sea-surface temperature
(SST) anomalies from Jul 2019 to Jan 2023 (blue line) in
the Nifo-3.4 index region (5°S-5°N, 120°W-170°W). Also
plotted is the monthly mean Nifio-3.4 SST averaged over
10 La Nifa events since the 1950s beginning in Jul the year
before (Yr —1) the first SST minimum (in Yr 0), extending to
the beginning of the third year (Yr +3) following the La Nifa
onset (black line). Shading indicates +1 std. dev. The evolu-
tion of La Nifia following the three strongest El Nifios of the
last 40 years, namely 1982/83, 1997/98, and 2015/16, is also
shown. Dashed horizontal lines indicate the threshold for El
Nifio (> 0.5°C) and La Nifa (< —0.5°C). Niino-3.4 SSTs are from
ERSSTv5 (Huang et al. 2017). (b) Surface (1000 hPa) wind
(m s7') and temperature (°C) anomalies for Oct-Dec 2022
with the Nino-3.4 region outlined in white. (c) Precipitation
and upper level (200-hPa) wind anomalies for Oct-Dec
2022. Winds are from the NCEP/DOE Reanalysis (Kanamitsu
et al. 2002), precipitation is from the Global Precipitation
Climatology Project (Huffman et al. 2009), and surface air
and sea temperatures are from HadISST (Rayner et al. 2003).
All anomalies are relative to a 1991-2020 climatology.
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The three strongest El Nifos of the past 40 years illustrate
this pattern (Fig. SB3.1a). The 1982/83 and 2015/16 El Nifios
were both followed by La Nifias extending over two years and
the 1997/98 event was followed by three successive years of
unusually cold tropical Pacific SSTs. Each of these El Nifios was
associated with a significant discharge of upper-ocean heat
content from the equatorial band (McPhaden et al. 2021).
However, the current multi-year La Nifia does not conform to
this scenario. Antecedent conditions in the tropical Pacific in
2019 were characterized by a borderline El Nifio (Fig. SB3.1a)
that did not lead to a large upper-ocean heat content dis-
charge. What caused this latest three-year La Nifa is thus a
topic of considerable interest. One hypothesis is that the onset
was triggered by a record positive Indian Ocean dipole in late
2019, then boosted in 2021 by unusually warm conditions in the
tropical Atlantic involving the strongest Atlantic Nifio since the
1970s (Hasan et al. 2022). Other possible explanations include
influences from higher latitudes of the North Pacific (Park
et al. 2021) or the impact of atmospheric aerosols from the
2019-20 Australian wildfires (Fasullo et al. 2023). Quantifying
the relative contributions of these and other possible factors
is a priority given the extraordinary socio-economics conse-
quences of this multi-year La Nifa.

Global mean surface air temperature (GMST) over the last
eight years (2015-22) have been the warmest on record (see
section 2b), attesting to the reality of climate change. However,
the highest annual temperature in this record occurred in
2016 during a strong El Nifio event rather than in 2022
(Fig. SB3.2), even though carbon dioxide concentrations in the

atmosphere have risen over 2 parts per million per year during
this time. The reason is that year-to-year variations in GMST
are strongly influenced by the state of ENSO (Trenberth et al.
2002). During El Nifio, unusually high SSTs in the tropical Pacific
lead to increased evaporative cooling of the ocean. At the
same time, increased cloudiness over the large expanse of
usually warm water reduces the amount of sunlight entering
the ocean, while cloud condensation in convective regions
heats the atmosphere. During La Nifa, the opposite happens.
Thus, ENSO redistributes heat on a planetary scale, with an
anomalously high heat flux from the ocean to the atmosphere
during El Nifio and an anomalously high heat flux from the
atmosphere to the ocean during La Nifa. For every 1°C of
El Nifio warming in the Nifio-3.4 region, GMST rises by
0.073+0.024°C (with 95% confidence) with a delay of three
months. A 1°C cooling in the Nifio-3.4 region during La Nifa
results in a comparable drop in GMST (Fig. SB3.2). As a conse-
quence, the predominance of unusually cold La Nifia conditions
since the end of the 2015/16 El Nifio temporarily arrested the
rise in GMST despite rising greenhouse gas concentrations.

The present situation is analogous to the previous hiatus in
global warming in the first decade of the twenty-first century
(Fig. SB3.2), which coincided with a period dominated by
strong multi-year La Nifas (Fyfe et al. 2016; Hu and Fedorov
2017). That hiatus ended with the 2015/16 El Nifo. The
triple-dip La Nifa dissipated in early 2023, and warm El Nifio
conditions will eventually return. When that happens, GMST
will rise again with the likelihood of new record highs at some
point in the near future.
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Fig. SB3.2. (top) Monthly averaged global mean surface temperature (GMST; °C) over 1980-2022 relative to the
twentieth-century average. (bottom) Monthly sea-surface temperature (SST) anomalies (°C) in the Nifio-3.4 region
relative to a 1991-2020 climatology. El Nifio periods are colored red and La Nifia periods blue. Nifio-3.4 SSTs are
based on ERSSTv5 (Huang et al. 2017) and GMST is based on NOAA/NCEI global surface temperature anomalies
(https://www.ncei.noaa.gov/access/monitoring/global-temperature-anomalies/anomalies). Dates shown along the
x-axis are centered on tick marks, which are placed at the beginning of calendar years.
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¢. Ocean heat content

—G. C. Johnson, J. M. Lyman, C. Atkinson, T. Boyer, L. Cheng, J. Gilson, M. Ishii, R. Locarnini, A. Mishonov,

S. G. Purkey, J. Reagan, and K. Sato

As a result of increasing atmospheric
greenhouse gas concentrations, Earth’s
climate system has been absorbing
more energy than it re-radiates back into
space. The ocean stored ~91% of that
excess energy from 1971 to 2018 (IPCC
2021). As seawater warms, it expands,
and that expansion accounted for ~50%
ofthe global average sea-level rise during
that period (IPCC 2021). This warming
is surface intensified, but can be seen
down to the 2000-dbar sampling limit
of core Argo (Wijffels et al. 2016), as well
as in the coldest, densest ocean bottom
waters that sink around Antarctica
(Purkey and Johnson 2010). A warming
ocean increases the atmosphere’s tem-
perature and capacity to carry moisture,
affecting the frequency, intensity,
perhaps duration, and rain amounts
of atmospheric rivers (e.g., Payne et al.
2020) and cyclones (e.g., Walsh et al.
2016). Despite variations in ocean heat
content from variations in ocean currents
driven primarily by the wind, statistically
significant regional warming trends are
emerging over time (Johnson and Lyman
2020). Marine heatwaves have increased
in intensity and duration as a result of
these warming trends (Oliver et al. 2021).
Ocean warming also increases under-
cutting of glaciers around Greenland
(Wood et al. 2021) and melting around
Antarctica (Schmidtko et al. 2014).

Maps of annual upper (0-m-700-m)
ocean heat content anomaly (OHCA)
relative to a 1993-2022 baseline mean
(Fig. 3.4) were generated from a combi-
nation of in situ ocean temperature
data and satellite altimetry data
following Willis et al. (2004), but using
Argo (Riser et al. 2016) data
downloaded from an Argo Global
Data Assembly Centre in January 2023
(http://doi.org/10.17882/42182#98916).
Near-global average seasonal tempera-
ture anomalies versus pressure from
Argo data (Roemmich and Gilson 2009,
updated) since 2004 (Fig. 3.5) and in situ
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Fig. 3.4. (a) Combined satellite altimeter and in situ ocean tem-
perature data estimate of upper (0 m-700 m) ocean heat content
anomaly (OHCA; x 10° J m~2) for 2022 analyzed following Willis
et al. (2004) but using an Argo monthly climatology and dis-
played relative to the 1993-2022 baseline. (b) 2022-minus-2021
combined estimates of OHCA expressed as a local surface heat
flux equivalent (W m-2). For (a) and (b) comparisons, note that 95
W m-~2 applied over one year results in a 3 x 10° J m=2 change of
OHCA. (¢) Linear trend from 1993 to 2022 of the combined esti-
mates of upper (0 m-700 m) annual OHCA (W m~2). Areas with
statistically insignificant trends are stippled.
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Fig. 3.5. (a) Near-global (65°S-80°N, excluding continental
shelves, the Indonesian seas, and the Sea of Okhotsk) average

the west, associated with anomalously monthly ocean temperature anomalies (°C; updated from
westward currents on the equator (see Roemmich and Gilson [2009]) relative to record-length average
Fig. 3.18a) driven by strong easterly trade =~ monthly values, smoothed with a five-month Hanning filter and

winds (see Fig. 3.13a). Equatorward of the
subtropical western boundary current
extensions, 2022-minus-2021 differences (blue line).

exhibit zonally elongated low values in

both hemispheres. The centers of the North and South Pacific were both anomalously warm
in 2022, with colder conditions around the edges, consistent with a continued negative Pacific
Decadal Oscillation index in the Northern Hemisphere (section 3b). The cold anomalies just south
of the Kuroshio Extension and warm anomalies within that current are associated with a north-
ward shift of that current (see Fig. 3.20), visible as a similarly zonally elongated anomaly dipole
in surface current anomalies (see Fig. 3.18a). The Sea of Japan/East Sea, the Sea of Okhotsk, and
the Bering Sea were all warmer than their long-term means in 2022.

In the Indian Ocean, the 2022-minus-2021 difference of upper OHCA (Fig. 3.4b) mostly
decreased north of about 5°S and mostly increased south of that latitude. The 2022 OHCA anom-
alies (Fig. 3.4a) were negative in the center of the tropical South Indian Ocean and especially
positive in the east between Australia and Indonesia. This pattern is broadly consistent with a
negative phase of the Indian Ocean dipole index during 2022, with warm sea-surface tempera-
ture anomalies in the east Indian Ocean, and cold ones in the west (Fig. 3.1a).

The 2022-minus-2021 differences of upper OHCA (Fig. 3.4b) in the Atlantic Ocean were weakly
negative in the Labrador Sea and the Irminger Sea, whereas much of the Gulf of Mexico exhib-
ited an increase. Overall, the year-to-year differences in the Atlantic were small or not regionally
coherent. Hence the broad pattern of upper OHCA in 2022 (Fig. 3.4a) is similar to that in 2021,
with much of the Atlantic Ocean exhibiting upper OHCA above the 1993-2022 average (Fig. 3.4a)
with the main exception, as in recent years, being cooler-than-average conditions southeast of
Greenland. Anomalies were again especially high in the western North Atlantic and the subtrop-
ical South Atlantic in 2022.

SEPTEMBER 2023 | State of the Climate in 2022 BAMS 3. GLOBAL OCEANS

contoured at odd 0.02°C intervals (see color bar) vs. pressure and
time. (b) Linear trend of temperature anomalies over time for
the length of the record in (a) plotted vs. pressure in °C decade"

5160



As expected, the large-scale statisti-
cally significant regional patterns in the
1993-2022 local linear trends of upper
OHCA (Fig. 3.4c) were similar to those
from 1993 to 2021 (Johnson et al. 2022)
and earlier reports. In general, the longer
the period over which these trends are
estimated, the more of the ocean surface
area warms and the less of it cools at
statistically significant rates (Johnson
and Lyman 2020). In 2022 that tendency
stands out in the Bering Sea and the
northwest Pacific, where the coverage of
statistically significant warming trends
noticeably expanded relative to the
2021 results. Warming trends that were
statistically significant occupied 55% of
the global ocean surface area as of 2022,
up from 49% for 1993-2021. Statistically
significant cooling trends occupied only
2% of the ocean area, down from 3% for
1993-2021, most prominently southeast
of Greenland.

Near-global average seasonal tem-
perature anomalies (Fig. 3.5a) show the
signature of La Nifia (see Sidebar 3.1),
which results in a reduction of warm
anomalies from the surface to 100 dbar
and an increase in warm anomalies from
100 dbar to 400 dbar and were most
pronounced in the boreal winter. This
pattern arises as strong easterly trade
winds bring the cold waters below the
equatorial thermocline to the surface in
the eastern equatorial Pacific and create
a large deep pool of warm waters in the
western equatorial Pacific. A similar
pattern can be seen in the 2007/08,
2010/11, and 2011/12 boreal winters.
El Nifio years (e.g., 2009/10, 2015/16, and
2018/19) have warmer near-surface and
colder sub-surface waters, as expected
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Fig. 3.6. (a) Annual average global integrals of in situ estimates
of upper (0 m-700 m) ocean heat content anomaly (OHCA; ZJ;
1 ZJ) = 102" )) for 1993-2022 with standard errors of the mean.
The MRI/JMA estimate is an update of Ishii et al. (2017). The
PMEL/JPL/JIMAR estimate is an update and refinement of Lyman
and Johnson (2014). The Met Office Hadley Centre estimate
is computed from gridded monthly temperature anomalies
following Palmer et al. (2007) and Good et al. (2013). Both the
PMEL and Met Office estimates use Cheng et al. (2014) XBT cor-
rections and Gouretski and Cheng (2020) MBT corrections. The
NCEIl estimate follows Levitus et al. (2012). The IAP/CAP estimate
is reported in Cheng et al. (2023). See Johnson et al. (2014) for
details on uncertainties, methods, and datasets. For comparison,
all estimates have been individually offset (vertically on the
plot), first to their individual 2005-22 means (the best sampled
time period), and then to their collective 1993 mean. (b) Annual
average global integrals of in situ estimates of intermediate
(700 m-2000 m) OHCA for 1993-2022 (ZJ) with standard errors
of the mean, and a long-term trend with one standard error
uncertainty shown from Sep 1992 to Jan 2013 for deep and
abyssal (z>2000 m) OHCA following Purkey and Johnson (2010)
but updated using all repeat hydrographic section data available

from https://cchdo.ucsd.edu/ as of Jan 2023.

given the deepening of the equatorial thermocline in the east, its shoaling in the west, and the
spread of warm waters across much of the near-surface equatorial Pacific. Overlaid on this global
signature of the El Nifio—Southern Oscillation is an overall warming trend (Fig. 3.5b), strongest
near the surface but evident all the way to the 2000-dbar sampling limit of Core Argo.

As noted in previous reports, the analysis is extended back in time from the Argo period to
1993 and expanded to examine greater depths, using sparser, more heterogeneous historical
data collected mostly from ships (e.g., Abraham et al. 2013). Shallow expendable bathythermo-
graph coverage may allow reasonable estimates of globally integrated OHCA in the upper
0-m-300-m or even 0-m-450-m back to the late 1960s, but it may be prudent to limit global
0-m-700-m estimates to the early 1990s and later (Lyman and Johnson 2014), as is done here.
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The results for the 700-m—-2000-m layer, which is quite sparsely sampled prior to the start of the
Argo era (circa 2005-06), should be interpreted with caution before those years.

The different estimates of annual globally integrated upper OHCA (Fig. 3.6a) all reveal a large
increase since 1993, with all of the five analyses reporting 2022 as a record high. Four out of five
of the globally integrated 700-m-2000-m OHCA annual analyses (Fig. 3.6b) also report 2022 as a
record high, and the long-term warming trend in this layer is also clear. The water column from
0 m to 700 m and 700 m to 2000 m gained 11.0 (+1.7) ZJ and 1.4 (¢1.7) Z], respectively (means
and standard deviations given) from 2021 to 2022. Causes of differences among estimates are
discussed in Johnson et al. (2015).

The estimated linear rates of heat gain for each of the five global integral estimates of upper
OHCA from 1993 through 2022 (Fig. 3.6a) range from 0.38 (+0.05) W m2to 0.44 (+0.10) W m2applied
over the surface area of Earth (Table 3.2) rather than the surface area of the ocean, to better
compare to the top-of-the-atmosphere energy imbalance (e.g., Loeb et al. 2021). These results are
not much different from those in previous reports, although with an increasing record length,
trend uncertainties tend to decrease and differences among analyses tend to diminish. Linear
trends from the 700-m—2000-m layer over the same time period range from 0.17 (+0.03) W m~2to
0.32 (+0.04) W m™2 Trends in the upper 0-m-700-m layer all agree within their 5%-95% confi-
dence intervals. However, as noted in previous reports, the trends in the 700-m-2000-m layer,
which is quite sparsely sampled prior to the start of the Argo era, do not all overlap within their
uncertainties. Different methods for dealing with under-sampled regions likely cause this dis-
agreement. Using repeat hydrographic section data collected from 1981 through 2022 to update
the estimate of Purkey and Johnson (2010) for 2000 m-6000 m, the linear trend is 0.07 (+0.03)
W m~ from September 1992 to January 2013 (these dates are global average times of first and last
sampling of the sections). Summing the three layers (despite their slightly different time periods
as given above), the full-depth ocean heat gain rate applied to Earth’s entire surface ranges from
0.64 Wm™to 0.83 Wm™.

Table 3.2. Trends of ocean heat content increase (in W m-2 applied over the 5.1 x 10'* m? surface area
of Earth) from six different research groups over three depth ranges (see Fig. 3.6 for details). For the
upper (0 m-700 m) and intermediate (700 m-2000 m) depth ranges, estimates cover 1993-2022, with
5%-95% uncertainties based on the residuals taking their temporal correlation into account when
estimating degrees of freedom (Von Storch and Zwiers 1999). The 2000 m-6000 m depth range esti-
mate, an update of Purkey and Johnson (2010), uses data from 1981 to 2022, having a global average
start and end date of Sep 1992 to Jan 2013, also with 5%-95% uncertainty.

0 m-700 m 700 m-2000 m 2000 m-6000 m
Research Grou Global ocean heat Global ocean heat Global ocean heat
P content trends content trends content trends
(W m=?) (W m=?) (W m-?)

MRI/JMA 0.38+0.05 0.24+0.04 —
PMEL/JPL/JIMAR 0.44+0.10 0.32+0.04 —

NCEI 0.39+0.05 0.19+0.04 —

Met Office Hadley Centre 0.40+0.07 0.17+0.03 —
IAP/CAS 0.41+0.03 0.18+0.01 —

Purkey and Johnson — — 0.07+0.03
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d. Salinity

—G. C. Johnson, J. Reagan, J. M. Lyman, T. Boyer, C. Schmid, and R. Locarnini

1. INTRODUCTION

Variations in ocean salinity and temperature set the density of the ocean, and thus the vertical
stratification which impacts the depth to which the ocean communicates directly with the atmo-
sphere. Lateral density variations are linked to ocean currents via the thermal wind relation. At
high latitudes, where temperatures are cold and often have a small range, salinity is often the
dominant factor in setting the vertical density structure. Salinity variations, created by advec-
tion, precipitation/evaporation, river runoff, and ice melt or freezing (Ren et al. 2011; Yu 2011)
can influence ocean—atmosphere exchanges of heat and dissolved gases (including influencing
marine heatwaves, ocean carbon dioxide uptake, tropical cyclones, and deep or bottom water
formation), the exchange of nutrients or oxygen between the surface mixed layer and denser
waters below, and so on.

Global average practical salinity is about 34.7. Surface values are below 28.0 or above
374 for only 1% of the ocean surface area each. In general, regions where evaporation dominates
(such as the subtropics) have higher salinity values and where precipitation is dominant (the
Intertropical Convergence Zone [ITCZ] and high latitudes), it is fresher (e.g., Wiist 1936; Schmitt
1995). Multi-decadal trends in ocean salinity have been used to show increases in the hydro-
logical cycle (e.g., Durack et al. 2012; Skliris et al. 2014; Skliris 2016). Springtime sea-surface
salinity values in the subtropical North Atlantic Ocean have even shown skill in predicting
summer-monsoon rainfall in the African Sahel (Li et al. 2016).

To investigate interannual changes of subsurface salinity, all available salinity profile data are
quality controlled following Boyer et al. (2018) and then used to derive 1° monthly mean gridded
salinity anomalies relative to a long-term monthly mean for the years 1955-2017 (World Ocean
Atlas 2018; Zweng et al. 2018) at standard depths from the surface to 2000 m. In recent years, the
largest source of salinity profiles is the profiling floats of the Argo program (Riser et al. 2016).
These data are a mix of real-time (preliminary) and delayed-mode (scientific quality controlled)
observations. Hence, the estimates presented here may be subject to instrument biases such as
a positive salinity drift identified in a subset of Argo Conductivity-Temperature-Depth, and will
change after all data are subjected to scientific quality control. The sea-surface salinity (SSS)
analysis relies on Argo data downloaded in January 2023, with annual anomaly maps relative
to a seasonal climatology generated following Johnson and Lyman (2012) as well as monthly
maps of bulk (as opposed to skin) SSS data from the Blended Analysis of Surface Salinity (BASS;
Xie et al. 2014). BASS blends in situ SSS data with data from the Aquarius (Le Vine et al. 2014;
mission ended in June 2015), Soil Moisture and Ocean Salinity (SMOS; Font et al. 2013), and
the Soil Moisture Active Passive (SMAP; Fore et al. 2016) satellite missions. Despite the larger
uncertainties of satellite data relative to Argo data, their higher spatial and temporal sampling
allows higher spatial and temporal resolution maps than are possible using in situ data alone at
present. All salinity values used in this section are reported as observed, on the dimensionless
Practical Salinity Scale-78 (Fofonoff and Lewis 1979).

2. SEA-SURFACE SALINITY

G. C. Johnson and J. M. Lyman
As noted in previous reports (e.g., Johnson et al. 2020), since salinity has no direct feedback
to the atmosphere, large-scale SSS anomalies can be quite persistent. (In contrast, sea-surface
temperature anomalies are often damped by air-sea heat exchange.) Salty anomalies along and
just south of the equator in the western and central Pacific, respectively, strengthened in 2022
(Figs. 3.7ab), for the third consecutive year. This pattern, owing to anomalous westward surface
currents advecting relatively salty water westward along with shifts in precipitation, has built up
over the past three years during the triple-dip La Nifa (Sidebar 3.1). The relatively fresh feature
in the western South Pacific near 20°S also built in strength from 2021 to 2022, at least partially
owing to a poleward shift in the South Pacific ITCZ with La Nifia. In the North Pacific, the center
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of the basin was mostly anomalously salty in 2022, and the periphery was generally anoma-
lously fresh. South of 30°S, the Pacific was primarily salty in 2022.

SSS in the Atlantic freshened from 2021 to 2022 off most of the east coast of North, Central, and
South America (Fig. 3.7b). As a result, in 2022, SSS was anomalously fresh around the Caribbean,
possibly owing to a record flood of the Amazon River in 2021 (e.g., Espinoza et al. 2022), but

remained anomalously salty off the east coast
of North America from the Gulf of Mexico to
Labrador. Other fresh regions in the Atlantic
in 2022 include the Irminger Sea, the ITCZ,
and portions of the Atlantic Southern Ocean
sector. The regions around the subtropical
salinity maximum were anomalously salty
in both the North and South Atlantic, as for
many other recent years.

Freshening in the southeastern tropical
Indian Ocean and salinification in much of
the north and west continued from 2021 to
2022 (Fig. 3.7b), as it did from 2020 to 2021,
again consistent with a negative Indian
Ocean dipole (I0OD) index for much of 2022,
associated with a drying in the west and
increased precipitation in the east (see Figs.
3.12a,b), as discussed in last year’s report.
The ocean offshore of much of India was
also anomalously fresh in 2022, with the
western freshening persisting from 2021 and
the eastern freshening building from 2021
(Figs. 3.7a,b).

As the atmosphere warms, it can hold
more moisture, enabling an increased hydro-
logical cycle over the ocean (Held and Soden
2006; Durack and Wijffels 2010). Since
upper-ocean salinity values can function
as a sort of evaporation pan and rain gauge
wrapped into one, the expected pattern from
this change is “salty gets saltier and fresh
gets fresher,” and has been evident in State of
the Climate reports since 2006, the first year
of the salinity section. In 2022 this pattern
held (Fig. 3.7a), with salty SSS anomalies
in at least a portion of all of the subtropical
salinity maxima and fresh SSS anomalies in
the subpolar North Pacific and part of the
subpolar North Atlantic, as well as the ITCZs
of the Pacific and Atlantic. The 2005-22 SSS
trends (Fig. 3.7¢) reflect this pattern to some
extent as well, with statistically significant
(unstippled areas) freshening trends evident
in the eastern subpolar North Pacific and
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Fig. 3.7. (a) Map of the 2022 annual sea-surface salinity
anomaly (colors, Practical Salinity Scale-78 [PSS-78]) with
respect to monthly climatological 1955-2012 salinity
fields from WOA13v2 (yearly average; gray contours at
0.5 intervals, PSS-78). (b) Difference of 2022 and 2021
sea-surface salinity maps (colors, PSS-78 yr-'). White ocean
areas are too data-poor (retaining <80% of a large-scale
signal) to map. (c¢) Map of local linear trends estimated from
annual sea-surface salinity anomalies for 2005-22 (colors,
PSS-78 yr'). Areas with statistically insignificant trends at
5%-95% confidence are stippled. All maps are made using
Argo data.
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North Atlantic, the Pacific ITCZ, and the Gulf of Guinea, as well as statistically significant salty
trends in parts of the subtropics in all basins.

In 2022, the seasonal BASS (Xie et al. 2014) SSS anomalies (Fig. 3.8) show the progressions of
many of the features in the annual anomaly map using Argo data alone (Fig. 3.7a), and with
higher spatial resolution, albeit with less accuracy. The anomalously fresh conditions in the
Caribbean Seas build between December-February and March—May. The build-up of anoma-
lously salty water in the western equatorial Pacific over the year is also clear in these maps, as is
the development of the fresh anomaly discussed above just to the south of it. A zonally elongated
anomalously salty band just south of an anomalously fresh band, with the transition at around
9°N, extends across much of the Pacific, and is especially apparent in September—November
2022. These are associated with a poleward shift of the ITCZ owing to the La Nifia (see Sidebar
3.1 and Fig. 3.12a) and/or an intensified and northward-shifted North Equatorial Countercurrent
indicated by eastward surface current anomalies of 8 cm s to 10 cm s at 6°N-8.5°N, 90W°—-
175°W (see Fig. 3.18a).

(a) Dec—Feb (b) Mar—May
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60°N+~
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Surface salinity anomaly (PSS-78)
Fig. 3.8. Seasonal maps of sea-surface salinity anomalies (colors) from monthly blended maps of satellite and in situ
salinity data (BASS; Xie et al. 2014) relative to monthly climatological 1955-2012 salinity fields from WOA13v2 for
(a) Dec 2021-Feb 2022, (b) Mar-May 2022, (c) Jun—-Aug 2022, and (d) Sep-Nov 2022.

3. SUBSURFACE SALINITY
J. Reagan, T. Boyer, C. Schmid, and R. Locarnini

Salinity is a conservative tracer and therefore is expected to retain much of its surface sig-
nature as it flows into the ocean’s interior. Sinking into the ocean’s interior primarily occurs
through subduction (downward flow along constant density surfaces) and convection (deep
vertical mixing; Talley 2002). Thus, in the absence of mixing, subsurface salinity anomalies will
retain their surface footprint as they flow deeper into the ocean, which can ultimately impact
ocean dynamics through changes in density.

The year 2022 was the third consecutive year the Atlantic basin exhibited only positive salinity
anomalies from 0 m to 1000 m (Fig. 3.9a). The largest (>0.07) basin-averaged salinity anomalies
in 2022 were constrained to depths between 75 m and 100 m with slightly smaller positive anom-
alies (~0.05) at the surface. Similar to 2020 and 2021, the 2022 monthly salinity anomalies below
100 m weakened with depth, reaching ~0.01 near 700 m. However, unlike in previous years back
to 2016, there was no clear deepening of the Atlantic salinity anomalies in 2022 (Fig. 3.9a). This
pattern is even more evident when examining the 2021 to 2022 Atlantic basin salinity changes
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(Fig. 3.9b) and the 2021 to 2022 changes in zonally averaged salinity (Fig. 3.9c). Between 2021 and
2022, the upper 100 m freshened (maximum ~-0.015 at 50 m; Fig. 3.9b) which is primarily asso-
ciated with 0-m to 100-m freshening centered at 10°N, 40°N, and 60°N (Figs. 3.9c and 3.7b). This
near-surface freshening is consistent with the freshening from 2020 to 2021 (Fig. 3.9b in Reagan
et al. 2022); however, unlike the salinification that had occurred from 100 m to 1000 m between
2020 and 2021, there was slight freshening from 100 m to 600 m (maximum of ~—0.002 at 300 m)
between 2021 and 2022 (Fig. 3.9b).

In 2022, the structure of the 0-m to 1000-m Pacific basin-averaged salinity anomaly continued
resembling the pattern that has existed since mid-2014, with near-surface fresh anomalies (upper
100 m) followed by a 100-m to 200-m thick salty subsurface anomaly layer followed by weak
(<]0.01]) anomalies below (Fig. 3.9d). Fresh near-surface anomalies (<—0.03) that were common
during the latter half of the 2010s have been absent since early 2020. The 2021 to 2022 salini-
fication in the upper 30 m marked the fourth straight year in which salinity increased in this
layer of the Pacific (Fig. 3.9e; Fig. 3.9e in Reagan et al. 2020, 2021, 2022). There is also salinifi-
cation from 150 m to 250 m (maximum of ~0.005 at 200 m) and weak freshening from 300 m to
700 m (maximum of ~—0.002 at 400 m) from 2021 to 2022 in the Pacific (Fig. 3.9e). The upper
150 m significant zonally averaged salinity changes from 2021 to 2022 from 30°S to 30°N reflect
the changes in precipitation patterns (Fig. 3.12b) and zonal geostrophic flow anomalies (Figs.
3.18a,b) as the Pacific reentered a La Nifia in August of 2021 and remained there throughout 2022
(Fig. 3.9f; see Sidebar 3.1).

The 2022 0-m to 1000-m monthly Indian basin-averaged salinity anomalies were a contin-
uation of the anomaly structure exhibited in both 2020 and 2021 (Fig. 3.9g; Reagan et al. 2021,
2022). The salinification that took place from 2020 to 2021 in the upper ~100 m (Fig. 3.9h in
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Fig. 3.9. Average monthly salinity anomalies from 0 m to 1000 m for 2013-22 for the (a) Atlantic, (d) Pacific, and
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long-term (1955-2017) WOA18 monthly salinity climatology (Zweng et al. 2018).
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Reagan et al. 2022) continued in 2022 (Fig. 3.9h) in the form of weakening fresh anomalies in the
near-surface (upper 100 m, maximum of ~0.01at 10 m). While the fresh anomalies weakened from
2021 to 2022, they also deepened, leading to freshening between 80 m and 160 m (maximum of
~—0.0075 at 100 m). The 2021 to 2022 significant zonally averaged salinity anomaly changes were
primarily confined to the upper 200 m (Fig. 3.9i), with freshening centered at 20°S (maximum
~-0.09 at 50 m) and the salinification centered at 5°S (maximum ~0.15 at 10 m), a reflection
of the persistent La Nifia and the 2022 negative Indian Ocean dipole precipitation patterns
(Fig. 3.12b). There was also significant salinification (~0.03) from 2021 to 2022 centered at 40°S
and extending from the surface to 250 m (Fig. 3.9i).

Despite the Atlantic experiencing near-surface freshening for the past two years (Fig. 3.9b;
Fig. 3.9b in Reagan et al. 2022) and slight subsurface freshening from 2021 to 2022 (Fig. 3.9b), the
2005-22 significant zonally averaged salinity trends (Fig. 3.10a) remained similar to the
2005-21 trends (Fig. 3.10a in Reagan et al. 2022) with salinification south of 45°N and freshening
toward the Arctic. The 2005-22 Pacific significant zonally averaged salinity trends (Fig 3.10b)
remained largely unchanged when compared to 2005-21 (Fig. 3.10b in Reagan et al. 2022).
However, the La Nifia-related near-equatorial near-surface salinification from 2021 to 2022
(Fig. 3.9f) reduced the significance of the 2005-22 freshening in this region. Finally, the
2005-22 Indian basin significant zonally averaged trends (Fig. 3.10c) strongly resemble those
from 2005-21 (Fig. 3.10c in Reagan et al. 2022), despite the strong changes observed in the upper
200 m between 2021 and 2022 (Fig. 3.9i) associated with precipitation patterns from La Nifia and
negative IOD phases.

E
E=1
53
[=]
® - , -
0 e
b ': e, s
200 PR
OGN EFAKENY
= 4] 1 0':‘0:5»‘0'0‘0 :
€ R
£ A | SRS
& . 00::50,0 Py
o 6004 R RHTHN
- N ONCN
SO SO
800
1000
©
D N O e R
1 SRR R PR SR
200 QLA D RN T
! SO Beleley
1 5 PRRUK,
£ 400 N5
s ‘ o
o
& 6004 ¥ / : k.
800 - / é?; .
, ¢ &%
-8 : Sy
1000 + T —— T ‘,\s T 'g T T
60°S 40°S 20°8 i 20°N 40°N 60°N

I 1 1T 1T 1 T T | |
-01  -008 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1

2005-22 Salinity trend (PSS decade™)
Fig. 3.10. The linear trend of zonally averaged salinity from 2005 to 2022 over the upper 1000 m for the (a) Atlantic,
(b) Pacific, and (c) Indian basins. The salinity trend is per decade and computed using least squares regression. Areas that
are stippled in dark gray are not significant at the 95% confidence interval.

SEPTEMBER 2023 | State of the Climate in 2022 BAMS 3. GLOBAL OCEANS S167



e. Global ocean heat, freshwater, and momentum fluxes

—C. Wen, P.W. Stackhouse, Jr., J. Garg, P-P. Xie, L. Zhang, and M. F. Cronin

Surface fluxes (i.e., heat, freshwater, and momentum fluxes) play a crucial role in keeping the
energy and water cycles of the atmosphere—ocean coupled system in balance against external
forcing from the Sun. Most of the shortwave radiation (SW) absorbed by the ocean’s surface
is vented into the atmosphere via net longwave radiation (LW) emitted by the ocean surface,
turbulent heat loss by evaporation (latent heat flux, or LH), and by conduction (sensible heat
flux, or SH) associated with air-sea temperature differences. The remaining heat acts to change
the temperature of the near-surface water column and/or is transported away by the ocean’s
wind-driven circulation and mixed into the deeper ocean. Evaporation, which is associated with
both a turbulent LH and moisture flux, connects the energy and water cycles. Evaporation minus
precipitation (and in some regions runoff and ice melt or freezing) determines the local surface
freshwater flux. Air-sea fluxes act as forces on both the ocean and atmosphere. Identifying
air—sea flux anomalies is essential for understanding observed changes in surface water masses
and in ocean circulation and its transport of heat and freshwater.

Here we examine surface heat fluxes, freshwater fluxes, and wind stress anomalies in
2022 and their differences from the previous year. The net surface heat flux, Q__, is the sum of
four terms: SW + LW + LH + SH. Monthly surface net SW and LW fluxes are from Clouds and the
Earth’s Radiant Energy Systems (CERES) Surface Energy Balanced and Filled (EBAF) Edition 4.2
(Kato et al. 2018) and the Fast Longwave And Shortwave Radiative Fluxes (FLASHFlux) version
4A product (Stackhouse et al. 2006; FLASHFlux fluxes from 2022 are radiometrically scaled to
Surface EBAF Ed4.2). LH and SH are from European Centre for Medium-Range Weather Forecasts
Reanalysis version 5 (ERA5; Hersbach et al. 2020). The net surface freshwater flux into the ocean
(neglecting runoff from land and ice melting or formation) is simplified as Precipitation (P)
minus Evaporation (E), or the P-F flux. Monthly precipitation is from the Global Precipitation
Climatology Project (GPCP) version 2.3 products (Adler et al. 2018). Monthly evaporation is from
ERAS. Wind stress t is also from ERA5. Ekman velocity is derived from t following the equation
W, = 1/pVx(t/f), where p is the water density and f the Coriolis parameter.

1. SURFACE HEAT FLUXES

Global surface net heat-flux annual mean anomalies for 2022 relative to a 2001-15 climatology
(Fig. 3.11a) showed strongest positive net heat fluxes (indicating a warming effect on the ocean
surface) in the far western tropical South Pacific, the cold tongue in the tropical southeastern
Pacific, and in the northeastern Pacific. In the eastern Pacific just north of the equator, a narrow
band of negative net heat flux (dominated by turbulent heat fluxes cooling the ocean and warming
the atmosphere) was associated with the northward movement of the Intertropical Convergence
Zone (ITCZ), which can be seen in a northward shift of 2022 P-E anomalies (Fig. 3.12a). The
magnitudes of maximum positive and negative net heat-flux anomalies exceed 25 W m™. The
distribution of net heat-flux anomalies is associated with the ongoing La Nifia in 2022. In the
far western tropical Pacific, over the Maritime Continent, enhanced convection/precipitation
caused less SW into the ocean, giving rise to the negative 2022 net heat-flux anomaly in this
region. For the area near the Coral Sea and central Pacific, SH+LH anomalies (not shown) were
the primary factor contributing to the net heat-flux anomalies. The locations with positive net
heat-flux anomalies coincided with locations with reduced wind anomalies, and those with
negative heat-flux anomalies were associated with increased wind anomalies (Fig. 3.13), con-
sistent with the larger turbulent flux anomalies relative to the radiative flux anomalies in these
regions. In regions where winds were moderate and less variable, LH+SH heat release into the
atmosphere decreased with decreasing sea-surface temperature (SST) and vice versa. During the
2022 La Nifia, SST anomalies (see Fig. 3.1a) in the southeastern Pacific were below -1°C, giving
rise to less LH+SH release compared to normal years. In the tropical Indian Ocean, the negative
10D pattern in 2022 was associated with negative net heat-flux anomalies in the southeastern
Indian Ocean and positive net heat- flux anomalies in the northwestern Indian Ocean.
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In the North Pacific, the 2022 net heat flux anomaly distribution displayed a positive phase
Pacific Decadal Oscillation-like pattern (Mantua and Hare 2002), with negative net heat-flux
anomalies dominating the western-central Pacific between 25°N and 50°N, surrounded by
positive anomalies. In the North Pacific, 2022 SST anomalies (see Fig. 3.1) in regions with positive
net heat-flux anomalies were below average and vice versa. The anti-phase relationship between
Q... and SST anomalies suggests that surface heat flux acted as a damping of the local SST anom-
alies there. This anti-phase relationship did not apply to the North Atlantic Ocean in 2022.
Negative Q _, anomalies were present near the Labrador Sea, with positive Q_, anomalies found
south of 40°N. The negative ocean net heat-flux anomalies were associated with marked
enhanced surface wind anomalies and vice versa (Figs. 3.11a and 3.13a). A similar dipole pattern
of SST anomaly, albeit centered on ~50°N, was also observed in the North Atlantic (see Fig. 3.1).

The 2022-minus-2021 Q_, difference map (Fig 3.11b) has a similar spatial structure to the
2022 anomaly map in most regions. 2022 was the third year of a triple-dip La Nifia event (see
Sidebar 3.1), and La Nifa intensity slightly strengthened in 2022 relative to 2021, with stronger
SST cooling (~0.2°C cooler; see Fig. 3.1a) and trade winds in the central-eastern tropical Pacific
(Fig. 3.13b). The magnitude and pattern of LH+SH 2022-minus-2021 differences were close to those
of Q_, differences. A pronounced dipole pattern in the subpolar North Atlantic (40°N-70°N)
suggests that the LH+SH change was the primary factor contributing to Q_, 2022-minus-2021 dif-
ferences. The SW+LW differences had similar sign to LH+SH differences in most regions although
the amplitude of the former was smaller.
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Fig. 3.11. (a) Surface heat flux (Q, ,) anomalies for 2022 relative to the 2001-15 climatology. Positive values denote
ocean heat gain. (b) 2022-minus-2021 difference for Q__, (c) net surface radiation shortwave + longwave (SW+LW), and
(d) turbulent heat fluxes latent heat + sensible heat (LH+SH), respectively. Positive tendencies denote more ocean heat
gainin 2022 than in 2021. All units are in W m~2. LH+SH is from ERA5, and SW+LW is from the NASA FLASHFlux version 4A
adjusted to CERES Surface EBAF Ed4.2. Net radiative fluxes defined as the difference between the incoming and outgoing
radiation (positive indicates radiative flux into the ocean).
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2. SURFACE FRESHWATER FLUXES

As expected, P-E anomalies in 2022 (Fig. 3.12a) exhibit a large-scale distribution generally
reminiscent of sea-surface salinity anomalies (see Fig. 3.7a). The largest P-E anomalies in
2022 were found in the tropics. Strong positive (>60 cm yr) P-E anomalies (a freshening effect
on the ocean surface) were located west of the Maritime Continent that acts as a border between
the Pacific and Indian Oceans and over the Coral Sea, while large negative P-E anomalies (indi-
cating a salinification effect on the ocean surface) spread over much of the equatorial Pacific
and southern tropical Pacific regions. The largest P-E anomaly exceeded 60 cm yr.. The pattern
is consistent with the La Nifa-associated SST anomaly distribution (see Fig. 3.2), where
above-normal SST in the western Pacific and below-normal SST in the central-eastern Pacific
cause the centers of east-west-oriented Walker circulation to shift westward (see Sidebar 3.1).
For the Indian Ocean, in addition to the La Nifa impact, the negative Indian dipole mode event
enhanced the dipole pattern with a positive 2022 P-F anomaly over the eastern Indian Ocean
and a negative anomaly over the western Indian Ocean. In the tropical Atlantic Ocean, a positive
P-FE anomaly dominated the Atlantic ITCZ, which is often observed during La Nifia years.

The 2022-minus-2021 P-E difference (Fig. 3.12b) is similar to the 2022 anomaly (Fig. 3.12a) in the
Pacific and Indian Oceans. This is consistent with SST differences (see Fig. 3.1b) and surface-wind
stress differences (Fig. 3.13b), where stronger east-west SST gradients led to a stronger Walker
circulation and stronger convection in the western Pacific. For the Atlantic Ocean, negative P-E
differences are observed north of the equator and are not found in the P-E anomaly map for
2022. This is because an extremely strong Atlantic Nifio occurred in 2021 (Crespo et al. 2022)
while 2022 was a normal year. Similar to its counterpart in the Pacific, strong warming in the
eastern Atlantic Ocean tends to enhance precipitation near the Gulf of Guinea (Vallés-Casanova
et al. 2020). Overall, the P-E differences are determined primarily by P changes (Fig. 3.12d)
and secondarily by E (Fig.3.12c). Note the centers of SW+LW differences (Fig .3.11c) have a high
negative correlation with P differences, where areas with increased SW+LW coincide with areas
of reduced precipitation.
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Fig. 3.12. (a) Surface freshwater precipitation minus evaporation (P-E) flux anomalies (cm yr-') for 2022 relative to the
1988-2015 climatology. Positive values denote ocean freshwater gain. (b)—-(d) 2022-minus-2021 differences for (b) P-E,
(c) evaporation (E), and (d) precipitation (P). Positive values denote ocean freshwater gain, and negative values denote

ocean freshwater loss. P is from the GPCP version 2.3 product, and E is from ERAS.
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3. WIND STRESS

The 2022 wind-stress anomalies (Fig. 3.13a) exceeded 0.02 N m~ in the mid-high latitudes and
over the central tropical Pacific Ocean. In the Southern Hemisphere, strong positive anomalies
exceeding 0.04 N m~2were observed over the Antarctic Circumpolar Current (ACC) region between
50°N and 60°N, where the westerly winds were strengthened. Enhanced easterly trade winds
were present over the central equatorial Pacific, a canonical La Nifia signature. Wind enhance-
ment was also observed in the north subpolar Atlantic (50°N-70°N). Significant wind changes
from 2021 to 2022 (>0.02 N m%; Fig. 3.13b) were mainly in the mid-high latitudes. Anticyclone-like
changes were present in the North Pacific, with westerly winds strengthened near the Kuroshio
and weakened northwesterly winds along the west coast of North America. In the North Atlantic,
easterly winds strengthened substantially south of Greenland, with wind stress changes
exceeding 0.04 N m™.

Surface winds not only influence the ocean by modulating heat fluxes, but also by redistrib-
uting water masses via wind-driven currents. The spatial variations of winds and meridional
gradient of the Coriolis parameter lead to divergence and convergence of the Ekman transport,
which results in a vertical velocity W, at the base of Ekman layer, denoted as Ekman pumping
(downwelling, downward direction) and Ekman suction (upwelling, upward direction). The
2022 W, anomalies (Fig. 3.13c) were large and negative (<-12 cm day) in the western Pacific and
in a narrow band north of the equator. A narrow band of positive anomalies (upwelling) was
present near the central and eastern equatorial region of the Pacific, a typical La Nifia pattern.
Strong positive anomalies (>12 cm day™) were also present in the northeastern Indian Ocean.
The 2022-minus-2021 W__ differences suggest enhanced downwelling in the western equatorial

EK
Pacific, consistent with the strengthening warming in the western Pacific.
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Fig. 3.13. (a) Wind stress magnitude (shaded) and vector anomalies (N m-2) for 2022 relative to a 1988-2015 climatology.
(b) 2022-minus-2021 differences in wind stress (N m-2). (c) Ekman vertical velocity (WEK; cm day-') anomalies for 2022
relative to a 1988-2015 climatology. Positive (negative) values denote upwelling (downwelling). (d) 2022-minus-2021
differences of W_ (cm day') Wind stress fields are from ERA5.
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4. LONG-TERM PERSPECTIVE

A long-term perspective on the change of ocean surface fluxes is examined in the context of
annual-mean series of Q__, P-E, and wind-stress magnitude anomalies averaged over the global
ocean (Figs. 3.14a—c). The Q,., time series commenced in 2001, when CERES EBAF4.2 surface
radiation products became available. Q_, anomalies are relative to the 2001-15 climatology. Both
P-E and wind-stress time series start from 1988 when Special Sensor Microwave/Imager satellite
retrievals are available. Annual mean anomalies are relative to 1988-2015 climatology.

While accurately determining the order 1 W m~ net energy flux entering the ocean from global
ocean average Qnet would be very challenging, the time series does exhibit decadal fluctua-
tions. The Q,, anomaly decreased from +1.5 W m~in 2001 to -2 W m~in 2010 and then gradually
increased to the peak value of +2.8 W m™in 2019. Q__ displayed a decreasing trend during the
2020-22 triple-dip La Nifia event. The P-E time series displayed a clear downward trend during
1988-2022. The global average P-F anomaly was above normal prior to 1998 and generally below
normal thereafter. During 2015-22, P-E variations were closely related to El Nifio—Southern
Oscillation conditions. The global P-F anomaly was close to zero during 2015 and then decreased
during the double-dip 2016/17 La Nina. After the P-E rebounded to zero in the 2019 El Nifio
year, P-F continued to decrease during the triple-dip La Nifia and reached the historical low in
2022 (~5.4 cm yr?). Wind stress was strongest during the 1998 La Nifia. Wind stress anomalies
remained above average after 2010, consistent with more frequent La Nifas in the last decade.
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Fig. 3.14. Annual-mean time series of global average of ocean-only (a) net surface heat flux (Q, _; W m-2) from a combi-
nation of CERES EBAF4.2 shortwave radiation + longwave radiation (SW + LW) and ERA5 latent heat flux + sensible heat
flux (LH+SH). The 2022 Q__, is based on FLASHFlux SW+LW as adjusted to EBAF and ERAS LH+SH. (b) Net freshwater flux

anomaly precipitation minus evaporation (P-E; cm yr-') from a combination of P and ERA5 E. (c) Wind stress magnitude
anomalies (N m~2) from ERADS. Error bars denote 1 std. dev. of annual-mean variability.
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f. Sea-level variability and change

—P.R. Thompson, M. J. Widlansky, E. Leuliette, D. P. Chambers, W. Sweet, B. D. Hamlington, S. Jevrejeva,

M. A. Merrifield, G.T. Mitchum, and R. S. Nerem

Annual average global mean sea
level (GMSL) from satellite altimetry
(1993-present) reached a new high in
2022, rising to 101.2 mm above 1993
(Fig. 3.15a). This marks the 11th consecu-
tive year (and 27th out of the last 29) that
GMSL increased relative to the previous
year, reflecting an ongoing multi-decadal
trend of 3.4+0.4 mm yr! in GMSL during
the satellite altimetry era (Fig. 3.15a).
A quadratic fit with corrections for the
eruption of Mount Pinatubo (Fasullo et al.
2016) and El Nifio—Southern Oscillation
effects (Hamlington et al. 2020) yields
a climate-driven trend of 3.0+0.4 mm
yr! and acceleration of 0.081+0.025 mm
yr? (updated from Nerem et al. 2018).

Independent  observing  systems
measure the contributions to GMSL rise
from increasing ocean mass, primarily
due to melting of glaciers and ice sheets
(see sections 5f, 6d, 6e), and decreasing
ocean density, primarily due to ocean
warming (section 3c). Data from Argo pro-
filing floats analyzed by Scripps
Institution of Oceanography (SIO;
Roemmich and Gilson 2009) show a
global mean steric (i.e., density-related)
sea-level trend of 1.3+0.2 mm yr* during
2005-22 (Fig. 3.15a). Global ocean mass
(excluding regions within 300 km of land)
produced by the NASA Jet Propulsion
Laboratory using mass concentration
anomalies from the Gravity Recovery and
Climate Experiment (GRACE) and GRACE
Follow-On (GRACE-FO) missions show a
global mean ocean-mass trend of
2.1£0.4 mm yr* during 2005-22 (Fig. 3.15a).
The sum of these trend contributions,
3.4+0.4 mm yr?, agrees within uncertain-
ties with the GMSL trend of 3.9+0.4 mm
yr' measured by satellite altimetry since
2005 (Leuliette and Willis 2011; Chambers
et al. 2017). Consistency among trends
from these independent observing
systems is a significant achievement and
increases confidence in estimates of
Earth’s energy imbalance (e.g., Hakuba
et al. 2021; Marti et al. 2022).
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Fig. 3.15. (a) Global mean sea level (GMSL; mm) observed by
satellite altimeters (1993-2022) from the NOAA Laboratory
for Satellite Altimetry (black) and NASA Sea Level Change
Program (gray). Monthly global ocean mass (2005-22) from
GRACE and GRACE-FO calculated from mass concentrations
produced by NASA JPL (blue) and University of Texas Center
for Space Research (CSR, cyan). GRACE and GRACE-FO data
within 300 km of land were excluded in both ocean mass
time series. Monthly global mean steric sea level (2004-22)
from SIO Argo data (red). Monthly global mean thermosteric
sea level from NCElI Argo and hydrographic data (orange).
Monthly global ocean mass plus steric (purple). Shading
around all data sources represents a 95% confidence range
based on Gaussian process regressions onto each pair of time
series. (b) Total local sea-level change (mm) during 1993-2022
as measured by satellite altimetry (contours) and tide gauges
(circles). Hatching indicates local changes that differ from the
change in GMSL by more than 1 std. dev. Altimetry data used
to generate the trend map were obtained from the NASA
MEaSUREs Gridded Sea Surface Height Anomalies Version
2205. Tide-gauge observations were obtained from the
University of Hawaii Sea Level Center Fast Delivery database.
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Annually averaged GMSL from satellite altimetry increased 3.3+0.7 mm from 2021 to 2022,
exceeding the sum of year-over-year increases in global mean steric sea level from Argo,
1.9+0.4 mm, and global mean ocean mass from GRACE-FO, 0.2+t0.7 mm. The sum of global steric
and mass increases, 2.1+1.0 mm, is less than the observed increase in GMSL from altimetry, but
the two do agree within standard error uncertainties. A portion of the discrepancy may be due
to incomplete annual updates to the global steric and mass time series, which at the time of
writing were updated through November and October 2022, respectively. The increase in GMSL
from satellite altimetry through October 2022 was 2.73+0.6 mm, which reduces the discrepancy
between year-over-year increases in the budget terms by almost half.

Sea-level budget misclosure is larger since 2016 (Fig. 3.15a; Chen et al. 2020). This misclosure
does not seem likely to be owing to one cause. Uncertainties in the global mass budget (e.g.,
leakage near land, geocenter, and glacial isostatic adjustment) do warrant investigation (Chen
et al. 2020). Error sources in the altimeter measurements, such as the wet tropospheric correc-
tion, may also contribute (Barnoud et al. 2021). Drift in Argo salinity measurements (Roemmich
et al. 2019) can artificially suppress increasing global mean steric sea level, but quality-control
procedures applied in the SIO data product used here mitigate that impact (Barnoud et al. 2021).
The SIO time series of steric sea level compares favorably with a time series of global mean ther-
mosteric sea level from the NOAA National Centers for Environmental Information (Fig. 3.15a).
Undersampling of the ocean by Argo, especially around the Malay Archipelago between Asia
and Australia (von Schuckmann et al. 2014), could also lead to underestimates of global mean
steric rise.

Spatial structure in sea-level changes over the 30-year altimeter record (Fig. 3.15b) is due to
a combination of natural fluctuations in coupled modes of atmosphere—ocean variability (Han
et al. 2017) and the oceanic response to anthropogenic radiative forcing (Fasullo and Nerem
2018). As the altimetry record grows in length, the impact of natural fluctuations on regional
sea-level trends decreases. Presently, only a small fraction of the global ocean has experienced
sea-level trends that differ from the global mean trend by more than one standard deviation
(hatched areas, Fig. 3.15b). Reduced sea-level trends in the tropical eastern Pacific reflect the
impact of multidecadal variability in the strength of Pacific trade winds (e.g., Merrifield 2011),
while enhanced sea-level change in the high latitude South Pacific can be attributed to regional
warming (Llovel and Terray 2016; Volkov et al. 2017). Sea-level change relative to land (i.e., the
quantity measured by tide gauges; circles, Fig. 3.15b) is most relevant for societal impacts and
can differ substantially from satellite-derived changes in tectonically active regions (e.g., Japan)
and areas strongly affected by glacial isostatic adjustment (e.g., Alaska; Fig. 3.15b).

Annual sea-level anomalies during 2022 were positive nearly everywhere (Fig. 3.16a), mostly
because of the long-term trend of rising sea levels (Fig. 3.15b). In the tropics, the highest sea-level
anomalies were in the western Pacific and the eastern Indian Ocean (exceeding 15 cm above
normal in some locations), whereas the lowest anomalies were in the northeastern Pacific
(about 5 cm below normal). In the midlatitudes of both hemispheres (i.e., between the 30°-60°
latitudes), sea-level anomalies also exceeded 15 cm in places, especially in the extension regions
of the Kuroshio and Gulf Stream Currents. Upwelling mesoscale eddy activity in the midlatitudes
contributed to small-scale areas of negative sea-level anomalies (e.g., east of Japan and in the
North Atlantic).

Prolonged La Nina conditions that developed during mid-2020 re-intensified during 2021, and
continued throughout all of 2022 (see Sidebar 3.1 and section 4b) explain the mostly consistent
sea-level pattern in the equatorial Pacific during the past three years (Fig. 3.16b). In 2022, a
noticeable change from 2021 was in the tropical southwestern Pacific where sea-level anomalies
increased by about 10 cm (a similar change also occurred in the southeastern part of the tropical
Indian Ocean). In this so-called South Pacific Convergence Zone region (Brown et al. 2020), the
largest expanse of sea-level anomalies exceeded 15 cm above normal. The largest regions of
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decreasing sea levels during 2022 compared to 2021 were in the tropical North Pacific and the
North Indian Oceans. Sea levels around Hawaii decreased about 5 cm and were near normal for
the year (i.e., locally, the year-to-year change mostly cancelled the long-term sea-level rise trend).
In the Atlantic, 2022-minus-2021 differences were mostly positive along the U.S. East Coast, in
the Gulf of Mexico, throughout the Caribbean Sea, and just north of the equator (most of these
changes were less than 10 cm). In the midlatitudes, year-to-year sea-level changes were typically
larger, especially in the regions most affected by mesoscale oceanic eddies.

In 2022, the triple-dip La Nifia (see Sidebar 3.1) is associated with the continuation of
above-normal sea levels in the western half of the equatorial Pacific. Long-term sea-level rise
partially masks a negative sea-level anomaly in the eastern Pacific otherwise expected during
La Nina. During 2022, only minor inter-seasonal changes are evident in the comparison of
December 2021-February 2022 (DJF) and September—November 2022 (SON) anomalies (Figs.
3.16¢,d). In the Indian Ocean, the sea-level pattern showed evidence of the Dipole Mode Index
becoming more negative during 2022 (i.e., sea-level anomalies decreasing in the west and
increasing in the east; see section 4f). Some of the highest regional sea-level anomalies during
2022 occurred in the Bay of Bengal as well as near western Australia, where in both places
satellite-observed seasonal anomalies exceeded 15 cm above normal during SON. In the north-
western Atlantic Ocean, seasonal sea-level anomalies were consistently above normal during
2022, with only minor differences comparing DJF and SON near the U.S. East Coast.

Ongoing trends, year-to-year variability, and seasonal changes in sea level impact coastal
communities by increasing the magnitude and frequency of positive sea-level extremes that
contribute to flooding and erosion. Minor impacts tend to emerge when local water levels
exceed the 99th percentile of daily sea-level maxima (Sweet et al. 2014). Using 1993-2022 as the
analysis epoch (consistent with the altimetry baseline), daily sea-level maxima that exceed the
99th percentile—hereafter extreme sea-level events—occurred more frequently in recent years
compared to previous decades. Across 119 tide-gauge locations with sufficient data volume
and quality for analysis, the median number of extreme sea-level events per year and location
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Fig. 3.16. (a) Annual average sea-level anomaly during 2022 relative to average sea level at each location during 1993-
2022. (b) Average 2022-minus-2021 sea-level anomaly. (c) Average sea-level anomaly during DJF 2021/22 relative to
the 1993-2022 DJF average. (d) Same as (c), but for SON. Units are given in cm. Global mean sea level was subtracted
from panels (c),(d) to emphasize regional, non-secular change. Altimetry data were obtained from the NASA MEaSUREs
Gridded Sea Surface Height Anomalies Version 2205.
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increased from one during 1993-97 to six during 2018-22 (not shown). The 90th percentile of
events per year and location increased from 6 during 1993-97 to 15 during 2018-22 (not shown).

Twenty-nine of the 119 locations experienced more than 10 extreme sea-level events during
2022, concentrated in the southwestern Pacific and along western boundary currents in the
Northern Hemisphere (Fig. 3.17a) where annual sea-level anomalies were largest (Figs. 3.16a,
3.17b). The greatest numbers of events occurred in the Solomon Islands (51) and Papua New
Guinea (37), which experienced high sea-level anomalies related to ongoing La Nifia conditions
(Fig. 3.16a). The elevated numbers of events in the North Atlantic western boundary current
system reflect elevated coastal sea levels due to the combined effects of warm ocean heat content
anomalies (see Fig. 3.4a) and weaker-than-average geostrophic currents during the latter third of
the year (see Fig. 3.22b) when the seasonal cycles in ocean temperature and tidal amplitude
peak. Just 8 locations experienced increases of more than 10 extreme events from 2021 to 2022
(Fig. 3.17¢c), reflecting the generally moderate year-over-year differences in annual mean sea
level across the global ocean (Figs. 3.16b, 3.17d). Ten locations experienced at least 10 fewer
extreme events per year in 2022 compared to 2021, concentrated in the Pacific and Indian Oceans
(Fig. 3.17c) in areas where annual mean sea level during 2022 was either mostly unchanged or
lower compared to the prior year (Figs. 3.16b, 3.17d).
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Fig. 3.17. (a) Number of extreme sea-level (SL) events from tide gauges during 2022. (b) Counts in (a) as a function of
annual sea-level anomaly (SLA) during 2022. Square markers in (a) and (b) highlight locations with more than 10 extreme
events. (c) Change in number of extreme SL events from 2021 to 2022. (d) Counts in (c) as a function of the change in
annual SL from 2021 to 2022. Square markers in (c) and (d) highlight locations where the magnitudes of changes in
counts of extreme events were greater than 10. Counts of extreme SL events were calculated from hourly tide gauge
observations obtained from the University of Hawaii Sea Level Center Fast Delivery database. Only records with at least
80% completeness during 1993-2022 and 80% completeness during both 2021 and 2022, individually, were analyzed.
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g. Surface currents

—R. Lumpkin, F. Bringas, G. Goni, and B. Qiu

This section describes variations of ocean surface currents, transports, and associated
features, such as rings. Surface currents are obtained from in situ and satellite observations.
Transports are derived from a combination of sea-surface height anomaly (from altimetry) and
climatological hydrography. See Lumpkin et al. (2012) for details of these calculations. Zonal
surface-current anomalies are calculated with respect to a 1993-2020 climatology and are dis-
cussed below for individual ocean basins.

1. PACIFIC OCEAN

In 2022, zonal currents in the equatorial Pacific (Fig. 3.18a) exhibited annual mean westward
current anomalies of 10 cm s™ on the equator from 140°E-115°W, with the strongest anomalies of
20 cm s at 150°E-170°E, associated with the persistent La Nifia conditions throughout the year
(see Sidebar 3.1 and Fig. 4 of Lumpkin and Johnson 2013) and strengthened trade winds in the
western half of the basin (Fig. 3.13a). Eastward anomalies of 8 cm s to 10 cm s were present at
6°N-8.5°N, 90°W-175°W, consistent with an intensification and slight northward shift of the
eastward North Equatorial Countercurrent (NECC) from its climatological peak of 30 cm s at
6.5°N to 40 cm s at 7°N and with eastward wind anomalies in this region (Fig. 3.18a).

In 2021/22, the annual-average latitude of the Kuroshio Extension in the region 141°E-153°E,
32°N-38°N was shifted north of its long-term (1993-2022) location of 35.4°N, to 36.8°N (2021) and
36.6°N (2022), as seen by alternating eastward/westward anomalies in Fig. 3.18a that persisted

60°E 120°E 180° 120°W 60°W 0°
-20 -10 0 10 20

Zonal current anomaly (cm s™)

Fig. 3.18. Annually averaged geostrophic zonal current anomalies (cm s-') for (a) 2022 and (b) 2022
minus 2021 derived from a synthesis of drifters, altimetry, and winds. Values are stippled where they
are not significantly different from zero.
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through the year (Fig. 3.19) and also in a band of increased ocean heat content anomaly (see
Fig. 3.4a). This 2021/22 shift was the largest northward shift in the 1993-2022 record (Fig. 3.20c)
and corresponded with a two-year increase in averaged eddy Kkinetic energy (EKE) of
0.03 m? s above the long-term average of 0.12 m? s (Fig 3.20d); this pattern is inconsistent with

60°E 120°E 180° 120°W 60°W 0° 60°E 120°E 180° 120°wW 60°W 0°

-20 -10 0 )
Zonal current anomaly (cm s™)
Fig. 3.19. Seasonally averaged zonal geostrophic anomalies (cm s™') with respect to seasonal climatology for (a) Dec
2021-Feb 2022, (b) Mar-May 2022, (c) Jun-Aug 2022, and (d) Sep-Nov 2022. Values are stippled where they are not
significantly different from zero.
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Fig. 3.20. (a) Climatological geostrophic surface current speed (cm s-') from Mulet et al. (2021) in the Kuroshio Current
region (box) and surrounding regions. (b) 2022 mean geostrophic currents (cm s-') after Mulet et al. (2021) and Copernicus
near-real-time altimetry. (c) Latitude of maximum zonal currents (U) averaged in the Kuroshio Current region. (d) Mean
eddy kinetic energy (EKE; m? s-2) in the Kuroshio Current region. Annual means are indicated by circles and overall time
means by the dashed lines in (c) and (d).
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decadal shifts between increased/decreased EKE and a southward/northward shift of the
Kuroshio Extension because of the influence of a Kuroshio meander off the southern coast of
Japan (Qiu et al. 2020). This meander is clearly seen in the 2022 altimetry data (Fig. 3.20b) and
has been present since 2017, the longest known persistence of a Kuroshio large meander, consis-
tent with wind anomalies associated with positive Pacific Decadal Oscillation forcing in the
subtropical western North Pacific (Qiu and Chen 2021). A long-term northward trend in the
Kuroshio extension is consistent with the poleward expansion of the Hadley cell seen in coupled
climate models (Yang et al. 2020).

Because the equatorial westward anomalies have persisted since 2021, the 2022-minus-2021 dif-
ference map (Fig. 3.18b) does not exhibit these anomalies, but highlights the intensification of
the eastward Pacific NECC that appeared in 2022.

Equatorial zonal current anomalies were close to zero in December—February (Fig. 3.19a),
with weak (5 cm s7'-6 cm s™) eastward anomalies at 1°S—-3°S in the central and eastern basin
consistent with a weakening of the westward South Equatorial Current (SEC). Eastward anom-
alies of ~10 cm s™ at 8°N—-9°N indicated a strengthening and northward shift of the NECC at the
beginning of the year. By March—May (Fig. 3.19b) the NECC intensified, with eastward anom-
alies of 15 cm s7-20 cm s™ at 5°N-7°N in the eastern half of the basin. Westward anomalies of
10 cms™also developed at 0°—2°N across the Pacific and strengthened to ~25 cm s in June—August
at 140°E-175°W (Fig. 3.19¢), where climatological equatorial currents are eastward at 4 cm s™ to
5 cm s. The NECC intensification persisted through these months. In September—November
(Fig. 3.19d), both anomaly patterns weakened, with equatorial anomalies near zero in the central
basin and exceeding 20 cm s only in the eastern basin (~150°E-175°E) and a narrow band of
10 cm s7-18 cm s eastward anomalies at 0°—4°N, 105°W-130°W.

2. INDIAN OCEAN

Annually averaged zonal currents in the Indian Ocean were close to their 1993-2020 clima-
tological averages, with weak (1 cm s™-3 cm s™) eastward anomalies at 1°S—9°S across most of
the basin (Fig. 3.18a). Because eastward anomalies in this latitude range were slightly stronger
in 2021, the 2022-minus-2021 difference map (Fig. 3.18b) exhibits weak negative (westward)
anomalies of ~—5 cm s across the basin. Relatively strong (15 cm s7'-20 cm s™) negative/positive
anomalies immediately offshore Somalia indicate an anomalous southward contraction of the
Great Whirl, a circulation feature most prominent in June—August during the Southwest Monsoon
(Beal et al. 2013). The eastward currents at the northern edge of the Whirl have a climatolog-
ical annual mean of ~42 cm s at 10°N, but shifted to 8.5°N-9°N and weakened to 33 cm s in
2022. These anomalies were not present in December—May (Figs. 3.19a,b); they appeared in
June—August (Fig. 3.19¢) and strengthened to +30 cm s'-40 cm s in September—November
(Fig. 3.19d).

3. ATLANTIC OCEAN

Annual mean zonal currents in the western tropical Atlantic Ocean in 2022 exhibited eastward
anomalies of 10 cm s at 7°N—8°N and westward anomalies of 5 cm s?™-10 cm s at 2°N-5°N,
consistent with a 5 cm s™ strengthening and ~0.75° northward shift of the eastward Atlantic
NECC and an ~8 cm s strengthening of the westward northern core of the SEC (see Lumpkin
and Garzoli 2005). These changes are consistent with the change in wind stress from 2021 to
2022 associated with the end of the 2021 Atlantic Nifio (see Fig. 3.13b) and may have played a role
in the evolution of strong fresh anomalies in the western tropical Atlantic seen in Fig. 3.8. The
2022-minus-2021 map (Fig. 3.18b) contains stronger (-10 cm s to —20 cm s™) differences along the
equator, reflecting the strong eastward currents in 2021 associated with the exceptionally strong
2021 Atlantic Nifio (Crespo et al. 2022). The 2022 NECC anomalies were present at ~10 cm s in
December—February (Fig. 3.19a) and weakened significantly (to ~5 cm s) in March-August (Figs.
3.19h,c). In September—November the eastward NECC anomalies reappeared, reaching 20 cm
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s at 7°N, along with the first appearance of the westward SEC anomalies of >10 cm s?, peaking
at 4°N off the east coast of Brazil.

Thevariability of key Atlantic Ocean currentsis continuously monitored in near realtime using a
combination of in situ and satellite altimetry (https://www.aoml.noaa.gov/phod/altimetry/cvar).
In the South Atlantic, the number of rings shed by the Agulhas Current remained similar to
the average annual number of shedding events during the 1993-2021 record. The annual trans-
port of the Agulhas Current, an indicator of Indian-Atlantic Ocean interbasin water exchange,
was 50.8 Sv (1 Sv=10° m’ s™) in a cross section at ~28°E and between 34°S and 40°S, and
during the last five years has remained within 1 standard deviation of the long-term mean of
50.9+2.8 Sv. In the southwestern Atlantic, the location of the Brazil-Malvinas Confluence has
demonstrated a southward trend since 1993 at decadal time scales (Lumpkin and Garzoli
2011; Goni et al. 2011). During 2022, the Confluence was located at 37.4°S, slightly to the north
of the long- term mean of 37.76+0.61°S and a northward shift of 1.2°S compared to 2021 (see
https://www.aoml.noaa.gov/phod/altimetry/cvar/mal/BM_ts.php). In the North Atlantic, the
North Brazil Current (NBC) and associated rings serve as interhemispheric conduits for water
masses and heat from the South Atlantic into the North Atlantic (Goni and Johns 2003). A portion
of these waters enter the Caribbean Sea carrying low-salinity Amazon River waters (Ffield 2007),
known for creating barrier layer conditions that are often associated with hurricane intensifica-
tion (e.g., Balaguru et al. 2012; Domingues et al. 2015).

During 2022, freshwater contributions from the Amazon and Orinoco River systems covered
most of the eastern and central Caribbean Sea for most of the year, creating negative sea-surface
salinity anomalies (Fig. 3.7a) perhaps related to the record Amazon basin flood of mid-2021
(Espinoza et al. 2022). The northwestward flow of the NBC in 2022 was 7.8 Sv, similar to its
long-term mean of 7.10+0.76 Sv. However, the retroflected flow increased by more than 2 standard
deviations from the long-term mean of 14.9+1.8 Sy, the largest observed annual mean retroflected
transport. This is consistent with the increased 2022 NECC strength as the NECC is fed by this
retroflection. To the north, the Yucatan Current (YC) and Florida Current (FC) exhibited anom-
alies of +0.29 Sv and -1.6 Sy, respectively, compared to their 1993-2021 means of 27.76+0.90 Sv
and 31.0+1.2 Sv. The YC transport was 1.43 Sv above its 2021 annual average while the FC trans-
port decreased 1.1 Sv, with 2022 exhibiting the lowest FC annual average transport since 2000
(Fig. 3.22b). The lower-than-usual FC transport is tied to higher coastal sea level and “sunny
day” flooding events along the southeast coast of the United States (Ezer and Atkinson 2014;
Domingues et al. 2016; Volkov et al. 2020). Further studies addressing the delayed NBC to FC
connection may help develop early warnings for such flooding events.
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h. Meridional overturning circulation and heat transport in the Atlantic Ocean

—D. L. Volkov, D. A. Smeed, M. Lankhorst, S. Dong, B. I. Moat, J. Willis, W. Hobbs, T. Bil6, W. Johns, and

L. Chomiak

The Atlantic meridional overturning
circulation (MOC) and heat transport
(MHT) have been observed (Fig. 3.21) at
several trans-basin and  western
boundary  moored arrays (e.g.,
Frajka-Williams et al. 2019; Berx et al.
2021; Hummels et al. 2022), as well as by
synthesizing in situ and satellite altim-
etry measurements at several latitudes
(Hobbs and Willis 2012; Sanchez-Franks
et al. 2021; Dong et al. 2021; Kersalé et al.
2021). Here we provide updates on the
MOC and MHT estimates from the Rapid
Climate Change/MOC and Heatflux
Array/Western Boundary Time Series
(RAPID-MOCHA-WBTS) moored array at
26.5°N and from the synthetic approach
at 41°N and at several latitudes in the
South Atlantic. While updates for the
Overturning in the Subpolar North
Atlantic Program and the South Atlantic
MOC Basin-wide Array at 34.5°S are
pending, we report on recent advances in
observing the variability of flows com-
prising the lower limb of the North
Atlantic MOC, including the Meridional \
Overturning Variability = Experiment g e
(MOVE, 16°N). 80°W 60°W 40°W 20°W  0°  20°E

The RAPID moored array has provided

Fig. 3.21. (a) The Atlantic meridional overturning circulation

MO(} and MHT estimates at 26.5°N since  (AmMoc) observing system: moored arrays (solid red and black
April 2004 (Moat et al. 2020; Johns et al.  lines) and sections across which the MOC and meridional heat

2011). The upper-limb (northward) MOC transport are estimated by synthesizing in situ measurements

transport at 26.5°N is represented as the
sum of 1) the Florida Current transport
obtained by submarine cable measure- ypdates are pending.

ments between Florida and the Bahamas,

2) the upper-midocean transport east of the Bahamas and above the streamfunction maximum
at 1100 m, and 3) the near-surface meridional Ekman transport estimated using European Centre
for Medium-Range Weather Forecasts Reanalysis version 5 zonal wind stress (e.g., McCarthy
et al. 2015). The MOC and MHT time series for RAPID were recently extended to 20 December
2020 (Moat et al. 2022; Fig. 3.22). The annual mean MOC in 2020 was 170 Sv, close to the
2004-20 mean value of 16.9 Sv, but significantly stronger than 15.2 Sv in 2019, given the +0.9 Sv
uncertainty of annual transport estimates (McCarthy et al. 2015). The 2019 annual mean MOC
was as low as in 2012; only 2009 and 2010 had lower annual means (14.6 and 14.9 Sv). The low
2019 value was mainly due to a reduction of the transport through the Florida Strait (Fig. 3.22b).
This is in contrast with the previous lows, which were caused by changes in the Ekman and
upper midocean transports (Figs. 3.22c,d). It has been reported that interannual variability of the
MOC transport at 26.5°N is primarily due to isopycnal displacements on the western boundary,
reflected in the upper-midocean transport changes (Frajka-Williams et al. 2016). However, since
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about 2014, interannual variability of the MOC has been dominated by variations of the Florida
Current transport (Figs. 3.22a,b; Dong et al. 2022). The reasons for this change are still unknown.

Synthetic MOC and MHT time series are evaluated at several latitudes in both the North and
the South Atlantic (Fig. 3.23). Monthly estimates at 41°N (Fig. 3.23a), based on satellite altimetry
and Argo measurements, were reproduced from Willis (2010) and Hobbs and Willis (2012) and
extended through October 2022. Each individual estimate represents a three-month average with
an uncertainty of +2.3 Sv for the MOC and +0.23 PW for the MHT. The mean MOC and MHT are
12.0 Sv and 0.44 PW, respectively. The MOC transport at 41°N was 13.2 Sv in January—October
2022 and 10.6 Sv in 2021, with both values not statistically different from the mean within uncer-
tainty. The MHT in 2022 was 0.57 PW, statistically significantly greater than the time mean and
the MHT of 0.39 PW in 2021. As the quality control of Argo and altimeter data is always ongoing,
improvements in the estimate implemented since the State of the Climate in 2021 report (Volkov
et al. 2022) resulted in a small increase in the MOC transport equivalent to about 1 Sv from about
2019. While this change is smaller than the year-to-year uncertainty in the estimate at 41°N, it
does reduce the small negative trend in the MOC since the record began in 2002, as reported last
year (Volkov et al. 2022). Hence no significant trend exists in the MOC and MHT at 41°N over the
past two decades.

In the South Atlantic, synthetic MOC and MHT estimates are routinely produced for 20°S,
25°S, 30°S, and 35°S (Figs. 3.23b—e) using a suite of hydrographic data (Argo, Expendable
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Fig. 3.22. The monthly (thin blue lines ) and annual (thick lines) averages of the Atlantic meridional overturning circula-
tion (MOC; Sv) and its components at 26.5°N: (a) the upper-limb (blue) MOC and (red) meridional heat transport (MHT;
PW), (b) the Florida Current transport (Sv), (c) the near-surface Ekman transport (Sv), (d) the upper mid-ocean trans-
port (between the Bahamas and Africa and above 1100 m; Sv). Positive/negative values mean northward/southward
transports.
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Bathythermographs [XBT], and Conductivity-Temperature-Depth [CTD]) and satellite altimetry
(Dong et al. 2021). In 2022, the MOC and MHT estimates at 20°S, 25°S, and 30°S (16.2, 19.8, and
18.3 Sv) were nearly the same as those in 2021 (16.1, 19.5, and 18.8 Sv). At 34.5°S, both the MOC
and MHT in 2022 (18.7 Sv and 0.62 PW) were lower than in 2021 by 1.1 Sv and 0.10 PW, respec-
tively, but these differences are not statistically significant. The long-term trends in the MOC and
MHT remain the same as those reported in Volkov et al. (2022). Meaningful positive trends in
both the MOC and the MHT are observed at 25°S and 34.5°S only. While the MOC shows signifi-
cant negative trends at 20°S and 30°S (both —0.03+0.02 Sv yr), the corresponding trends in the
MHT are statistically insignificant. These trends in the MOC and MHT are mostly dominated by
the geostrophic component.
In the North Atlantic, the MOC lower

limb is dominated by southward flow of
North AtlanticDeep Water(NADW) formed
in the subpolar North Atlantic. The sum
of the upper (1100 m—3000 m) and lower

(3000 m-5000 m) NADW transports at
26.5N° (Fig. 3.24a), with a time-mean
of -17.8 Sv, compensates for the north-
ward transport in the MOC upper limb

(Fig. 3.22a) and about 1 Sv of northward
flowing Antarctic Bottom Water. The
majority of the southward NADW trans-
port is carried within the Deep Western
Boundary Current (DWBC) along the
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eastern continental margins of the
Americas. The DWBC transport measured
by current meter-equipped moorings at
the western end of the RAPID array since

2004 shows a time mean of -31.0+1.0 Sy,
a standard deviation of about 19 Sv (for
12-hourly data), and a statistically insig-
nificant weakening trend of 0.27 Sv yr?!

(Fig. 3.24a; adapted from Bil6 and Johns 1995 3000 2005 200 2075 2020

2020). Because the moorings observe the
fixed region where the DWBC’s velocity

MOC (Sv) MOC (Sv) MOC (Sv) MOC (Sv)

MOC (Sv)

Fig. 3.23. Meridional heat transport (MHT; PW, colored bars)
and the meridional overturning circulation (MOC; Sv, black

core is typically found, the strong oscil- curves) anomalies with respect to the record means obtained
lations of the transport and the absence by combining satellite altimetry and in situ data at (a) 41°N,
of correlation between the DWBC trans- (b) 20°S, (c) 25°S, (d) 30°S, and (e) 34.5°S. The vertical error bars

port and the zonally integrated NADW

show standard errors (red) for MHT and (black) for MOC. The
record-mean MHT and MOC values are: 0.44 PW and 12.0 Sv at

flow are mainly due to the DWBC's 4qon 0,62 PW and 16.6 Sv at 20°S, 0.66 PW and 19.1 Sv at 25°S,

vigorous meandering activity at time 0.62 PW and 18.9 Sv at 30°S, 0.62 PW and 19.3 Sv at 34.5°S.

scales ranging from several weeks to a
few years. Because of this strong variability, a longer time series is required to determine if the
weakening trend in the DWBC transport is robust.

Farther south, the MOVE array in the western tropical North Atlantic (Fig. 3.21) has been
observing the NADW flow at 16°N since 2000 (Kanzow et al. 2006). Salinity data were repro-
cessed in 2022, which somewhat altered the MOVE time series (Fig. 3.24b). The time series shows
a relatively strong southward flow of 17 Sv—-18 Sv in the early 2000s, which weakened to about
15 Sv in 2005 and 2012 and increased again to near 18 Sv in 2019. The observed MOVE transport
tendencies are consistent with those obtained from satellite gravimetry (Koelling et al. 2020).
There is some consistency between the decadal changes of the southward flow at 16°N and
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26.5°N, namely the overall weakening in the 2000s and strengthening in the 2010s (Figs. 3.24a,b).
Recent model results have also demonstrated agreement between the centennial trends at the
RAPID and MOVE sites (Danabasoglu et al. 2021), which suggest that the consistency between
the two observational estimates may improve as the time series become longer.

Meridional coherence of NADW is expected due to the export of subpolar-originated deep
waters to lower latitudes. Although a proper assessment of the lower NADW southward spreading
patterns is still lacking, several studies have traced the advection of the upper NADW’s primary
component—Labrador Sea Water (LSW; e.g., van Sebille et al. 2011; Le Bras et al. 2017; Chomiak
et al. 2022). Chomiak et al. (2022) investigated the advective spread of two unique LSW classes
formed in 1987-94 (LSW,,,,) and in 2000-03 (LSW, ), from the Labrador Sea to 26.5°N via
hydrographic arrays transecting the DWBC. The deeper and denser LSW,,, class took approx-
imately 10 years to reach the subtropics, while the lighter and shallower LSW, - class took
10-15 years. Both LSW classes were also observed to arrive within the Atlantic interior prior to or
at the same time as observed farther south along the DWBC. This result, along with other recent
studies (e.g., Bower et al. 2019; Bil6 and Johns 2019; Koelling et al. 2020; Lozier et al. 2022),
suggests the importance of interior ) gappogen

advective pathways, which have the
potential to delay the communica-
tion of subpolar water masses to the
subtropics.

In conclusion, multi-year monitoring
of the MOC has greatly advanced our
knowledge of large-scale ocean circu-
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lation variability at various timescales.
With the existing MOC observing

system, we are just starting to detect
decadal-scale signals relevant for
climate variability. While some climate
models project a decline in the MOC
toward the end of the twenty-first
century in response to anthropo-
genic forcing (e.g., Cheng et al. 2013;

NADW transport (Sv)
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be supported by the relatively short Fig. 3.24. Monthly (thin lines) and yearly (thick lines) transports

observational records. Continued

(Sv) of (a) North Atlantic Deep Water (NADW) between 1100 m

MOC ob . h and 5000 m (blue) and Deep Western Boundary Current (DWBC)
observations are thus necessary ¢ >g.5°N (black; RAPID array), and (b) NADW at 16°N (MOVE

for detecting and mechanistic under- array).
standing of climate-related changes.

i. Global ocean phytoplankton

—B. A. Franz, |. Cetini¢, M. Gao, D. A. Siegel, and T. K. Westberry

Marine phytoplankton contribute ~50% of global net primary production, serving the energy
needs of oceanic ecosystems and providing a critical pathway for carbon sequestration to the
deep oceans (Field et al. 1998; Siegel et al. 2023). The diversity, abundance, and spatio-temporal
distribution of phytoplankton are controlled by biotic factors such as zooplankton grazing
and viruses, as well as abiotic factors such as nutrient and light availability that are highly
dependent on physical properties and processes, including ocean temperature, stratification,
and circulation (e.g., Behrenfeld et al. 2006). Spaceborne ocean color radiometers such as the
Sea-Viewing Wide Field-of-View Sensor (SeaWiFS; McClain 2009) and Moderate Resolution
Imaging Spectroradiometer (MODIS; Esaias et al. 1998) provide a synoptic view of spatial and
temporal changes in phytoplankton through measurements of near-surface concentrations of
phytoplankton pigment chlorophyll-a (Chla; mg m~) and phytoplankton carbon (Cphy; mg m>).
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Measurements of Chla contain information pertaining to both biomass and phytoplankton
physiology, while C,,, measures phytoplankton carbon biomass. Coiy and Chla often covary, but
discrepancies in their distributions are indicative of changes in the physiological or composi-
tional characteristics of phytoplankton communities (Dierssen 2010; Geider et al. 1997; Siegel
et al. 2013; Westberry et al. 2016).

In this report, we evaluate the global distribution of phytoplankton over the period October
2021-September 2022 (the analysis year) using remotely sensed Chla and C , measurements from
the continuous 25-year record that combine observations of SeaWiFS (1997-2010) and MODIS on
Aqua (MODIS-A, 2002—present). The MODIS-A daytime sea-surface temperature (SST; °C) is also
assessed over a consistent time period to provide context on the physical state of the oceans.
A key difference in the data sources between this report and previous reports (e.g., Franz et al.
2022) is that the ocean color data from MODIS-A and SeaWiFS were reprocessed by NASA from
version R2018.0 to version R2022.0. This reprocessing had only minor impact to the observed
trends in the two missions, as temporal calibration updates were minimal, but it did introduce
small bias changes in the derived phytoplankton indices. As in R2018.0, the Chla product was
derived using the Ocean Color Index algorithm of Hu et al. (2012) but with updated algorithm
coefficients applied in R2022.0 (Hu et al. 2019; O’Reilly and Werdell 2019). Cphy was derived from
the particle backscattering coefficient, bbp, at 443 nm (Generalized Inherent Optical Properties
[GIOP] algorithm; Werdell et al. 2013) and a linear relationship between bbp and Cory (Graff et al.
2015). The GIOP algorithm was also updated for the R2022.0 reprocessing to include correction
for Raman scattering (McKinna et al. 2016). In merging the time series of SeaWiFS and MODIS-A,
differences between the sensors were assessed over the overlapping period from 2003 through
2008, and a bias correction (—0.0021 mg m~ in Chla and -6.7e-5 m*in b]Op or -0.78 mg m~ of C
was derived and applied to the SeaWiFS time series.

A major event likely influencing the quality of Chla and C | measurements in 2022 was the
eruption of Hunga Tonga—Hunga Ha‘apai in January 2022 (see Sidebar 2.2). This eruption injected
water vapor and sulfur dioxide into the stratosphere and resulted in a substantial increase in
stratospheric sulfate aerosols that remained aloft through 2022 (Taha et al. 2022; Schoeberl
et al. 2022; Zhu et al. 2022; Sellitto et al. 2022). The atmospheric correction algorithm as applied
in NASA’s R2022.0 reprocessing does not properly correct for the effect of light scattering and
absorption by these high-altitude aerosols, and thus increased error can be expected in the
retrieved spectral water-leaving reflectances from which Cony and Chla are derived. The Chla
measurements, however, are less sensitive to atmospheric correction errors due to the nature of
the algorithm (Hu et al. 2012), and thus we have higher confidence in the distribution of changes
observed in Chla. While further research is underway to fully assess the impact and mitigation
of this eruption on satellite ocean-color retrievals, the quality of phytoplankton measurements
is likely impacted by this eruption, and thus our ability to interpret the results is compromised.

Given that caveat, changes in the two phytoplankton distribution metrics were evaluated by
subtracting monthly climatological means for MODIS-A Chla and Cony (October 2002-September
2021) from their monthly mean values for the 2022 analysis year. These monthly anomalies were
then averaged to produce the global Chla and Cony annual mean anomaly maps (Figs. 3.25a,b).
Similar calculations were performed on MODIS-A SST data to produce an equivalent SST annual
mean anomaly for the same time period (Fig. 3.25c). The permanently stratified ocean (PSO),
used for the analysis depicted in Figs. 3.26 and 3.27, is defined as the region, spanning the tropical
and subtropical oceans, where annual average SST is greater than 15°C and surface mixed layers
are typically low in nutrients and shallower than the nutricline (black lines near 40°N and 40°S
in Fig. 3.25; Behrenfeld et al. 2006).

For the 2022 analysis year, the distribution of SST anomalies (Fig. 3.25c) replicated patterns
observed in 2021, including a pronounced tongue of anomalously cold waters across the equato-
rial Pacific. This feature is indicative of the prevailing La Nifia conditions during 2022 (see
Sidebar 3.1 and section 4b for details), as is the highly elevated (+50%) Chla concentrations that
follow the edges of the cold-water tongue and extend into the equatorial Pacific (Fig. 3.25a).

phy)
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Patches of higher-than-usual Chla were also observed along equatorial regions of the Indian
Ocean (up to +50%) and throughout the North and South Atlantic. Regions with elevated Chla
are typically associated with negative SST anomalies. Within the PSO away from strong upwelling
regions, these cooler regions generally correspond to deeper-surface mixed layers (Deser et al.
2010), resulting in reduced phytoplankton light exposure rates and thus increased cellular Chla
and a decoupling between Chla and Cphyvariability (Behrenfeld et al. 2015). A key feature in the
Cphy anomalies for this year (Fig. 3.25b) is a general reduction (5%-10%) over much of the PSO in
the Southern Hemisphere that is largely anticorrelated with the changes in Chla, but this is likely
associated in part with error in the C,,, measurements due to the Hunga Tonga eruption. Patches
of elevated Chla are visible throughout the subpolar and polar regions poleward of the PSO
(Fig. 3.25a) and largely covary with C, anomalies in these well-mixed regions (Fig. 3.25b).
Observed heterogeneity in biomass indicators outside of the PSO is consistent with previous

reports (e.g., Franz et al. 2022) and is a
result of the ephemeral nature of blooms
in these regions, as well as poor spatial
and temporal sampling at higher
latitudes due to clouds and low-light
conditions.

To provide greater insight into inter-
annual  temporal variability in
phytoplankton  distributions,  Figs.
3.26a,b show the climatological mean
seasonal cycle for Chla and C,, in the
PSO. Superimposed on this climatology
is the corresponding mean for each
month of the 2022 analysis year (red
circles in Fig. 3.26). Annual variability of
Chlaand C,p, in the PSO typically displays
two distinct peaks (Figs. 3.26a,b),
reflecting the springtime increases of
biomass in Northern (Figs. 3.26¢,d) and
Southern Hemispheres (Figs. 3.26g,h).
Peaksin Cony lag 2-3 months behind those
of Chla, reflecting a reduction in phyto-
plankton chlorophyll-to-carbon ratios as
the seasonal bloom progresses (e.g.,
Westberry et al. 2016). While patterns
observed this year are similar to previous
years (e.g., Franz et al. 2022), observed
changes over the PSO region are domi-
nated by changes in the equatorial and
Southern Hemisphere regions (Figs.
3.26e-h). The Chla was elevated over
nearly the entire analysis year, with the
February peak exceeding all previous
observations, before returning to clima-
tological norms in September 2022. In
contrast, Cph showed elevated values in
the last quarter of 2021 relative to clima-
tology, but transitioned to depressed
values by March of 2022 and remained
below all previous measurements
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Fig. 3.25. Spatial distribution of average monthly (a) MODIS-A
chlorophyll-a (Chla) anomalies (%), (b) MODIS-A phytoplankton
carbon (Cp ) anomalies (%), and (c¢) MODIS-A sea-surface
temperature (SST) anomalies (°C) for Oct 2021-Sep 2022, where
monthly differences were derived relative to the MODIS-A
19 -year climatological record (Oct 2002-Sep 2021). Chla and
are stated as % difference from climatology, while SST is
slfnown as an absolute difference. Also shown in each panel is
the location of the mean 15°C SST isotherm (black lines) delin-
eating the permanently stratified ocean. Differences in the SST
anomalies here versus in Fig. 3.1 are owing to differences in
climatological periods, smoothing, and data sources.

BAMS 3. GLOBAL OCEANS 5186



through September. The geographic distribution and timing of this progression in Cphy from
elevated to depressed is consistent with the progression of stratospheric aerosols over the tropics
and Southern Hemisphere from the Hunga Tonga eruption (Taha et al. 2022).

Over the 25-year time series of spatially-averaged monthly-mean Chla within the PSO
(Fig. 3.27a), concentrations vary by 5.8% (0.008 mg m~, standard deviation) around a long-term
average of 0.136 mg m~ (Fig. 3.27a). C,,,over the same 25-year period varies by 3.4% (0.75mg m~)
around an average of 21.8 mg m~ (Fig. 3.27c). Chla monthly anomalies within the PSO (Fig. 3.27b)
vary by 4.7% (0.006 mg m~) over the multi-mission time series, with the largest deviations gen-
erally associated with the El Nifio—Southern Oscillation (ENSO) events (r = -0.38), as
demonstrated by the correspondence of Chla anomaly variations with the Multivariate ENSO
Index (MEI; Wolter and Timlin 1998; presented in the inverse to illustrate the covariation). Cphy
anomalies (Fig. 3.27d), which vary by 2.2% (0.47 mg m~), are less correlated with the MEI (r = —0.16)
due to the inherent lag between environmental change and growth. A major observation for
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Fig. 3.26. Distribution of Oct 2021-Sep 2022 monthly means (red circles) for (a) MODIS-A chlorophyll-a (Chla) and
(b) MODIS-A phytoplankton carbon (C,, ) for the permanently stratified ocean (PSO) region (see Fig. 3.25), superimposed
on the climatological values as derived from the combined time series of SeaWiFS and MODIS-A over the 24-year period
of Oct 1998-Sep 2021. Gray boxes show the interquartile range of the climatology, with a black line for the median value
and whiskers extending to minimum and maximum values. Subsequent panels show latitudinally segregated subsets
of the (c),(d) PSO for the Northern Hemisphere (NH, north of tropics), (e),(f) tropical £23.5°-latitude subregion (EQ), and
(9).(h) Southern Hemisphere (SH, south of tropics). Units for (a), (c), (e), and (g) are Chla (mg m-) and (b), (d), (f), and
(h) are Cphy (mg m3).
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2022 is that, while the Chla anomaly remains elevated and consistent with expectation under
prevailing La Nifia conditions, the Coiy anomaly is depressed, with values nearly 1 mg m= below
thelowestvaluepreviouslyobserved. Whilethissuggestsasignificantshiftinchlorophyll-to-carbon
ratios and thus a notable change in phytoplankton physiology or community composition, we
cannot yet rule out the likely possibility that the changes we see in Coiy (and Chla to a lesser
extent) reflect error in the time series due to the Hunga Tonga eruption. Hence, we emphasize
caution in interpretation of these observed trends until a more detailed assessment can be
completed.
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Fig. 3.27. Twenty-five-year, multi-mission record of chlorophyll-a (Chla; mg m-3) and phytoplankton carbon (C nyt MY m-3)
averaged over the permanently stratified ocean (PSO) region. (a) Monthly Chla, with the horizontal line indpicating the
multi-mission mean Chla concentration for the entire PSO region. (b) Monthly Chla anomalies after subtraction of the
24-year multi-mission monthly climatological mean (Fig. 3.26a). (c) Monthly C  , with the horizontal line indicating
the multi-mission mean Cphy concentration for the entire PSO region. (d) Monthly C y anomalies after subtraction of
the 24-year multi-mission monthly climatological mean (Fig. 3.26b). Shaded blue and red colors (b) and (d) show the
Multivariate El Nino-Southern Oscillation Index, inverted and scaled to match the range of the Chla and Cony anomalies,
where blue indicates La NiRa conditions and red indicates El Nifio conditions.
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Sidebar 3.2: Tracking global ocean oxygen content

—J. SHARP

Dissolved oxygen is fundamental for meeting the phys-
iological demands of marine organisms and for controlling
elemental cycles in seawater. Multicellular aerobic marine
organisms use oxygen to extract energy from organic material
(Koch and Britton 2008). Consequently, the geographic distri-
butions of suitable habitats for aerobic marine taxa are set by
temperature-dependent oxygen availability (Portner and Knust
2007; Deutsch et al. 2015). Whereas lethal thresholds of dis-
solved oxygen vary between species, many marine taxa cannot
tolerate an oxygen content ([0,]) below about 60 pmol kg™
(an approximate threshold for hypoxia) for an extended period
of time (Vaquer-Sunyer and Duarte 2008; Levin et al. 2009).
On an ecosystem scale, oxygen availability influences the
rates and prevalence of biologically mediated processes that
transform dissolved elements in seawater. For example, below
dissolved [0,] concentrations of about 5 umol kg™, denitrifi-
cation becomes favored over aerobic respiration, meaning a
critically important nutrient (nitrate) is removed from seawater
(Gruber 2008). Further, nitrous oxide produced by incomplete
denitrification in low-oxygen conditions (Babbin et al. 2015;
Bourbonnais et al. 2017) can escape to the atmosphere where
it acts as a potent greenhouse gas (Forster et al. 2021).
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Oxygen enters the ocean via dissolution at the air-sea
interface, is generated near the ocean surface by photosyn-
thesis, is transported throughout the ocean interior by
advection and diffusion, and is depleted by respiration at
depth as water masses age. This interplay between physics
and biology sets the general distribution of dissolved oxygen
throughout the global ocean (Keeling et al. 2010; Fig. SB3.3).
Since at least the middle of the twentieth century, however,
the oceans have been losing oxygen on a global scale
(Oschlies et al. 2017; Breitburg et al. 2018; Bindoff et al. 2019;
Canadell et al. 2021). This deoxygenation is primarily caused
by: 1) anthropogenic ocean warming that directly decreases
the capacity of seawater for dissolved oxygen (Garcia and
Gordon 1992) and 2) ocean stratification, which is caused by
ocean warming and decreases the degree to which subsurface
waters exchange with the atmosphere (Levin 2018; Oschlies
et al. 2018). Other potential contributions to deoxygenation
include changes in subsurface respiration (e.g., Oschlies et al.
2008), large-scale overturning (e.g., Talley et al. 2016), and
ocean circulation (e.g., Brandt et al. 2015).

Oxygen content has historically been measured on discrete
seawater samples by a chemical titration (Carpenter 1965;
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Fig. SB3.3. (a) Global distribution of dissolved oxygen content (umol kg-') at 250-m depth, along with meridional
sections in the (b) Pacific, (c) Indian, and (d) Atlantic Oceans from the surface to 1500 m. Dissolved oxygen content is
from the GLODAPv2 mapped product (Lauvset et al. 2016).
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Langdon 2010) first introduced by Winkler (1888). The collec-
tion of Winkler titrations performed on repeat hydrography
cruises over multiple decades (Talley et al. 2016) have builtup a
large dataset of [0,] measured via a consistent method, which
has been quality controlled and curated into databases and
visual atlases. A significant portion of the global observational
[0,] dataset is also composed of measurements from sensors
on Conductivity-Temperature-Depth profilers, although some
of these are less rigorously quality controlled than Winkler
titration data (Boyer et al. 2018).

Over the past two decades, autonomous platforms carrying
oxygen sensors have been distributed throughout the global
ocean, primarily associated with the scaling up of the bio-
geochemical Argo program (BGC Argo; Claustre et al. 2020).
BGC Argo floats carry chemical and bio-optical sensors, in
addition to the temperature and salinity sensors that are
implemented on all Argo floats (Roemmich et al. 2009). One
of those chemical sensors is for dissolved oxygen (Gruber et al.
2010); most common are optodes that measure [0,] by quan-
tification of luminescence quenching by oxygen (Bittig et al.
2018). Extensive research over the past two decades has been
directed toward ensuring high-quality optode-based [0,] mea-
surements on BGC Argo floats, including the implementation
of drift corrections, establishment of calibration procedures,
and recommendation of delayed-mode quality control prac-
tices (e.g., D'Asaro and McNeil 2013; Bittig and Kértzinger
2015; Bushinsky et al. 2016; Maurer et al. 2021).

Compilations of [0,] measured by Winkler titrations have
indicated that oxygen content in the upper 1000 m of the
global ocean has decreased by about 2% from 1970 to 2010
(Fig. SB3.4; Helm et al. 2011; Ito et al. 2017; Schmidtko et al.
2017), with a very likely (90% confidence) range of 0.5% to
3.3% (Bindoff et al. 2019). These studies have sought to inter-
polate between scattered observations, average measurements
across time intervals, and otherwise scale up the available
observational coverage to estimate long-term oxygen trends
atthe global scale. Earth system models (ESMs) have also been
used to evaluate global ocean deoxygenation, with estimated
decreases of closer to 1% in the upper 1000 m of the ocean
from 1970 to 2010 (Fig. SB3.4; Bopp et al. 2013; Kwiatkowski
et al. 2020). Global and regional discrepancies between obser-
vational products and ESMs have been attributed toinadequate
simulation of ocean circulation and wind-driven ventilation,
poorly constrained biogeochemical processes, and the roles of
equatorial jets and mixing processes in oxygen transport
(Oschlies et al. 2017, 2018; Buchanan and Tagliabue 2021).
Existing discrepancies, however, do appear to be getting
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smaller as representations of physical and biogeochemical
processes in ocean models are improved (Canadell et al. 2021).

Newly emerging observational estimates of global ocean
oxygen content are incorporating measurements from BGC
Argo floats and other autonomous platforms. One such data
product (Gridded Ocean Biogeochemistry from Artificial
Intelligence-0, [GOBAI-0,]; Sharp et al. 2022a) uses machine
learning to fill gaps in observations, relying on relationships
between [0,] and ocean temperature, salinity, and spatio-
temporal coordinates. GOBAI-O, shows an oxygen decline of
~0.7% decade"in the upper 1000 m of the ocean from 2004 to
2022 (-1.12 pumol kg™ decade™; Sharp et al. 2022b). This is
somewhat higher than the other observation-based estimates
shown in Fig. SB3.4, albeit for a distinctly different time period,
indicating a potential acceleration in global deoxygenation.
Emerging data products like GOBAI-O, will offer the oppor-
tunity for researchers to investigate sub-decadal variability in
global and regional oxygen content, which has not previously
been feasible outside of dedicated time-series locations.
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Fig. SB3.4. Estimates of global ocean deoxygenation over
recent decades. Initial A[O,] for each line is adjusted to the
average CMIP6 value. Trends in the legend are in pmol kg-'
decade' over the period of time each line spans. Data for
individual CMIP6 models (thin gray lines with the average
given as a thick gray line), Buchanan and Tagliabue (2021),
and Ito et al. (2017) are taken from the supplemental
material of Buchanan and Tagliabue (2021). Straight dotted
lines represent estimates taken only from reported slopes
and converted to pmol kg=' decade': —-0.93 pmol L-' from
1970 to 1992 from Helm et al. (2011) and -257.5 Tmol
decade™' in a volume of 376.14 x 10° km? from Schmidtko
et al. (2017). The GOBAI-O, estimate was calculated from
the gridded product of Sharp et al. (2022a). Gray shading
represents the standard deviation among individual CMIP6
models, and green shading represents uncertainty in the
GOBAI-O, estimate, determined via a model simulation

experiment described in Sharp et al. (2022b).
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j. Global ocean carbon cycle

—R. Wanninkhof, J. A. Trifianes, P. Landschiitzer, R. A. Feely, and B. R. Carter

1. INTRODUCTION

The oceans play a major role in the global carbon cycle by taking up a significant fraction
of the excess carbon dioxide that humans release into the atmosphere. As a consequence of
humankind’s collective carbon dioxide (CO,) emissions into the atmosphere, referred to as anthro-
pogenic CO, (C_ ) emissions, the atmospheric CO, concentration has risen from pre-industrial
levels of about 278 ppm (parts per million) to 417 ppm in 2022. Marine C__ is the major cause of
anthropogenic ocean acidification. Over the last decade the global ocean has continued to take
up C_ emissions and therefore is a major mediator of global climate change. Of the 10.8 (+0.8)
Pg Cyr? C_, released during the period 2012-21, 2.9 (+0.4) Pg C yr* (26%) accumulated in the
ocean, 3.1 (+0.6) Pg C yr (28%) accumulated on land, and 5.2 (+0.02) Pg C yr (46%) remained
in the atmosphere with an imbalance of —-0.3 Pg C yr (—3%; Table 6 in Friedlingstein et al. 2022).
This decadal ocean carbon uptake estimate is a consensus view from a combination of measured
decadal CO, inventory changes, models, and global air-sea CO, flux estimates based on surface
ocean fugacity of CO, (fCO, )' measurements from ships, uncrewed surface vehicles (USV), and
moorings.

Independent decadal estimates of uptake based on interior measurements by Miiller et al.
(2023) show that the global ocean storage of anthropogenic carbon grew by 2943 and 27+3 Pg C
decade™ from 1994 to 2004 and 2004 to 2014, respectively. The fraction of anthropogenic emis-
sions taken up by the ocean decreased from 36+4 to 27+3 % from the first to the second decade.
This reduction is attributed to a decrease of the ocean buffer capacity (i.e., the consumption of
carbonate and other basic chemical species with continued ocean uptake of CO,) and changes
in ocean circulation. From models and observations, Friedlingstein et al. (2022) showed that the
oceanic anthropogenic carbon sink has grown from 1.1 (+0.4) Pg C yr in the decade of the 1960s
t0 2.9 (+0.4) Pg C yrin 2022.

2. AIR-SEA CARBON DIOXIDE FLUXES

Ocean uptake of CO, is estimated from the net air-sea CO, flux derived from the bulk flux
formula with differences in air (a) and surface-seawater (w) CO, fugacity (AfCO, = fCO, —fCO,))
and gas transfer coefficients as input. Gas transfer is parameterized with wind as described
in Wanninkhof (2014). This provides a net flux estimate. A steady contribution of carbon
from riverine runoff, with estimates ranging from 0.45 to 0.78 Pg C yr? (Resplandy et al.
2018) needs to be included to obtain the C_ estimate. Here, 0.65 Pg C yr is used as the river
adjustment as recommended in the Global Carbon Budget 2022 (Friedlingstein et al. 2022).
The data sources for fCO, are annual updates of observations from the Surface Ocean
CO, Atlas (SOCAT) composed of moorings, USV, and ship-based observations (Bakker
et al. 2016), with SOCAT version 2022 containing 33.7 million datapoints through 2021
(https://www.socat.info/wp-content/uploads/2022/06/2022_Poster_SOCATv2022_release.pdf).
The increased observations and improved mapping techniques, including machine learning
methods summarized in R6denbeck et al. (2015), now provide annual global fCO,  fields on a
1° latitude x 1° longitude grid at monthly time scales. This allows investigation of variability on
sub-annual to decadal time scales.

The monthly 2022 AfCO, maps are based on a self-organizing maps feed-forward neural
network (SOM-FNN) approach of Landschiitzer et al. (2013, 2014). The 2022 maps use sea-surface
temperature (SST), Chlorophyll-a, atmospheric CO,, mixed-layer depth, and salinity (NOAA
I0OSSTv2 [Huang et al. 2021a]; Globcolour Chlorophyll-a [Maritorena et al. 2010]; NOAA MBL
atmospheric CO, [Dlugokencky et al. 2021]; DeBoyer Mixed layer depth climatology [de Boyer
Montégut et al. 2004] and Hadley center EN4 salinity [Good et al, 2013]) as predictor vari-
ables. The fluxes are determined using European Centre for Medium-Range Weather Forecasts

! The fugacity is the partial pressure of CO2 (pC02) corrected for non-ideality. They are numerically similar for surface waters with
fC02~0.994 pCO2.
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Reanalysis version 5 (ERA5) winds (Hersbach et al. 2018). For 2022 flux calculations, the final
ERA5 winds from January through August and their early release (ERA5T) winds from September
through December are used.

The SOM FNN results (Fig. 3.28) show a slightly increasing ocean sink from 1982 to 1994,
followed by a period of rapidly decreasing uptake from 1995 to 2002. There is a strong increase
in the ocean sink from 2002 onward that continues through 2016. The amplitude of seasonal
variability is =1.2 Pg C with a minimum uptake in the June—-September timeframe. Variability in
seasonal amplitudes does not correlate with annual uptake or its variability. The C_, flux of
3.3 Pg C yr! for 2022 (green line in Fig. 3.28) was 23% above the 1990-2020 average of 2.68
(£0.52) Pg C yr.

The annual average flux map for 2022 (Fig. 3.29a) shows the characteristic pattern of effluxes
(ocean-to-air CO, fluxes) in tropical, coastal upwelling, and open-ocean upwelling regions.
Coastal upwelling regions include those in the Arabian Sea and off the west coasts of North
and South America. The western Bering Sea in the northwest Pacific was a strong CO, source
as well in 2022; a clear juxtaposition to the strong sink in the surrounding regions. The region
with the largest efflux was the upwelling region of the eastern and central equatorial Pacific.
Cumulatively, the regions of effluxes are significant CO, sources to the atmosphere (=~ 1Pg C). The
primary CO, uptake regions are in the subtropical and subpolar regions. The largest sinks are
poleward of the sub-tropical fronts. In the Southern Ocean, the area near the polar front (~60°S)
is nearly neutral with the polar frontal region in the eastern South Pacific being a source in 2022.

In the Northern Hemisphere, the entire North Atlantic is a large sink while in the North Pacific
the sink region is punctuated by a significant source of CO, in the western to central Bering Sea.
This pattern is, in part, due to the position of the western boundary currents whose cooling
waters contribute to CO, sinks at high latitudes. In particular, the Gulf Stream/North Atlantic
Drift in the Atlantic extends farther north than the Kuroshio in the Pacific.

The ocean carbon uptake anomalies (Fig. 3.29c) in 2022 relative to the 1990-2020 average
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The negative sea-surface temperature
anomaly (SSTA) there (see Fig. 3.1a)
indicates that increased upwelling of
cold waters with high CO, content in the
central Pacific returned after a period
of lower-than-normal upwelling prior
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Fig. 3.28. Global annual (thick blue line) and monthly (thin blue
line) net carbon dioxide (CO,) fluxes (Pg C yr') for 1982-2022
using a self-organizing maps feed-forward neural network
(SOM-FNN) approach. The annual anthropogenic CO, (C_ ) flux
(thick green line) includes a riverine adjustment of —0.65 Pg C.
The black dashed line is the 1990-2020 mean C__ flux. Negative
values indicate CO, uptake by the ocean.
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to 2020. However, the eastern equatorial Pacific, southeast of the Galapagos, shows a negative
CO, flux anomaly. The positive anomalies in fluxes (more efflux/less influx in 2022 compared to
the long-term mean) in the subtropics closely correspond to positive temperature anomalies (see
Fig. 3.1a), suggesting that the flux anomalies in these regions are temperature driven.

The difference in fluxes between 2022 and 2021 (Fig. 3.29b) are quite muted, with broad
regions in the northern Pacific subtropics showing positive anomalies (less strong sinks) closely
corresponding with the SSTA changes observed between 2022 and 2021 (see Fig. 3.1b). The South
Atlantic sector of the Southern Ocean (~60°S) shows a significant decrease in sink strength
between 2022 and 2021 that does not correspond to a SST change but appears to be associated
with a sea-surface salinity increase from 2021 to 2022 (see Fig. 3.7b). Most prevalent in Fig. 3.29b
are the large regions of slight negative anomalies (greater uptake in 2022 compared to 2021),
which in the South Pacific corresponds to negative SSTA.
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Fig. 3.29. Global map of (a) net air-sea carbon dioxide (CO,) fluxes for 2022, (b) net air-sea CO, flux anomalies for 2022

minus 2021, and (c) net air-sea CO, flux anomalies for 2022 relative to 1990-2020 average values using the SOM-FNN
approach of Landschiitzer et al. (2013). Units are all mol C m= yr-'. Ocean CO, uptake regions shown in the blue colors.
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3. OCEAN INTERIOR DEVELOPMENTS: UTILIZATION OF ARGO

Global-scale CO, emissions from human activities and associated CO, uptake are causing
ocean interior C_ increases and acidification. Delineating how the biogeochemical processes
in the ocean interior will be affected by the changing heat content and C_ uptake is essential
for developing future mitigation and adaptation responses to climate change. Interior ocean
carbon distributions have historically been quantified from observations from ship-based
chemical surveys, many of which are currently being repeated decadally under the auspices
of the international Global Ocean Ship-based Hydrographic Investigations Program. The
measured distributions are analyzed to characterize both the natural and anthropogenic
carbon components of the variability observed between reoccupations, and there are several
such synthesis efforts underway including a decadal update to the first Regional Carbon Cycle
Assessment and Processes (Khatiwala et al. 2013) study, and an update to decadal anthropo-
genic carbon accumulation estimates appropriate to the period 1994-2007 (Gruber et al. 2019)
by Miiller et al. (2023).

In recent years, oceanographers have developed algorithms that enable predictions of total
dissolved inorganic carbon (DIC) and other carbonate chemistry parameters in the interior ocean
from a variety of predictors (Alin et al. 2012; Williams et al. 2016; Carter et al. 2016, 2018, 2021;
Bittig et al. 2018; Sauzéde et al. 2017). Notably, there now exist algorithms (e.g., Carter et al. 2021;
Keppler etal. 2022) that allow estimation of DIC from combinations of predictors (e.g., temperature
and salinity) that are available at high resolution from Argo measurements throughout the top
2000 m of the ocean (Roemmich and Gilson 2009, and updates thereof). These algorithms can
be used with the predictor data products to generate gap-filled monthly DIC distributions, e.g.,
for December 2022 (Fig. 3.30). However, seasonally resolved training data are needed for the
algorithms to resolve seasonality with high fidelity (Carter et al. 2021; Gloege et al. 2021), and,
while there are regions such as the northwest Pacific where this temporal coverage already exists
from ship-based measurements thanks to regular cruises led by researchers based in Japan,
these regions are few. Thus, the utility of these fully resolved carbon budgets remains limited at
present.

The nascent and growing biogeochemical Argo program is poised to change this status quo by
providing total scale seawater pH (pH,) measurements over the top 2000 m at 10-day resolution

throughout the various ocean basins,
co-located with temperature, salinity,
oxygen, and nitrate measurements. This  60°N
information can be combined with esti-
mates of seawater total alkalinity (TA),
which has strong predictability from
salinity due to the large role played by
freshwater cycling in controlling the 0°
TA distribution, and macronutrients
to allow calculations of DIC in the top  20°S
2000 m of the ocean at significantly
greater temporal resolution than is
achievable from discrete shipboard TA g
measurements. This information can 100°E  160°W  60°W  100°E  160°W  60°W

T T T T T T
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then be used as additional training I ]
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data to produce much more skillful DIC
DIC (pmol kg™")

algorithms, similar to recent work using

Argo O, sensor data (Sharp et al. 2022b; ~ Fig. 3.30. Map of monthly average surface dissolved inorganic
2 ’

also see Sidebar 3.2), with a goal of

carbon (DIC; pmol kg-') for December 2022 estimated using
the empirical seawater DIC estimation routine of Carter et al.

annual updates of interior global ocean (2021) and the monthly temperature and salinity record from

biogeochemistry. Roemmich and Gilson (2009, updated).
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A global surface ocean (top 2000 m) DIC inventory serves as an example of the information
that can be obtained from this approach, albeit with large and yet-unconstrained uncertainties
(Fig. 3.31a). These estimates were produced using the algorithms from Carter et al. (2021), which
combine a large number of regionally specific linear regressions with machine learning
approaches and the temperature and salinity climatology from Roemmich and Gilson (2009,
with updates). There is an adjustment to the predictions to account for anthropogenic contribu-
tions to DIC, and this adjustment can be set to be appropriate for a fixed reference year (e.g.,
2002 in Fig. 3.31) to isolate the variability in the DIC inventory estimates that is not attributable
to estimated long-term secular change in the inventory. These estimates imply a strong
anti-correlation between monthly (R?>=0.94) and annual (R?=0.97) upper-ocean DIC inventory
and temperature, which is not surprising given that the temperature is the main predictor used
to generate the DIC estimates. Also, DIC and temperature tend to be anti-correlated due to the
tendency for seawater to lose DIC to gas exchange when temperature increases. These early
results point to a new frontier for interior ocean carbon cycle science that will likely see signifi-
cant advances in the coming years with the advent of new data streams and continued iteration
on machine learning mapping strategies.
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Fig. 3.31. (a) Estimated total dissolved inorganic carbon (DIC) inventory (Pg C) across the top 2000 m of the region
covered by the Roemmich and Gilson (2009) product (see Fig. 3.30) and (b) estimated total DIC inventory (Pg C) over this
same region that would be expected if anthropogenic carbon distributions were held at levels found in a reference year
(2002) to reveal how patterns of estimated inventory change covary with the mass-weighted mean temperature product
values used to produce the DIC estimates.
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Appendix 1: Chapter 3 — Acronyms

ACC Antarctic Circumpolar Current
AMOC Atlantic meridional overturning circulation
AMV Atlantic Multidecadal Variability
AOML Atlantic Oceanographic and Meteorological Laboratory
BASS Blended Analysis of Surface Salinity
by, particle backscattering coefficient
BGC biogeochemical
ot anthropogenic CO,
CERES Clouds and the Earth’s Radiant Energy Systems
Chla chlorophyll-a
Gy phytoplankton carbon
CMIP Coupled Model Intercomparison Project
o, carbon dioxide
(SR Center for Space Research
(1D Conductivity-Temperature-Depth
DIC dissolved inorganic carbon
DJF December—February
DOISST Daily Optimum Interpolation SST
DWBC Deep Western Boundary Current
E evaporation
EBAF Energy Balanced and Filled
ECMWF European Centre for Medium-Range Weather Forecasts
EKE eddy kinetic energy
ENSO El Nifio—Southern Oscillation
ERAS European Centre for Medium-Range Weather Forecasts Reanalysis version 5
ERSSTV5 Extended Reconstruction SST version 5
ESM Earth system models
FC Florida Current
fCo,, surface ocean fugacity of CO,
FLASHFlux Fast Longwave And Shortwave Radiative Fluxes
GIOP Generalized Inherent Optical Properties
GMSL global mean sea level
GMST global mean surface air temperature
GO-SHIP Global Ocean Ship-based Hydrographic Investigations Program
GOBAI-02 Gridded Ocean Biogeochemistry from Artificial Intelligence-O,
GOMO Global Ocean Monitoring and Observing
GPCP Global Precipitation Climatology Project
GRACE Gravity Recovery and Climate Experiment
GRACE-FO GRACE Follow-On
HadSST U.K. Met Office Hadley Centre SST
0D Indian Ocean dipole
ITCZ Intertropical Convergence Zone
JJA June-August
JPL Jet Propulsion Laboratory
LH latent heat flux
LSwW Labrador Sea Water
Lw longwave radiation
MAM March—May
MEI Multivariate ENSO Index
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MHT meridional heat transport

MOC meridional overturning circulation

MODIS Moderate Resolution Imaging Spectroradiometer
MODIS-A MODIS on Aqua

MOVE Meridional Overturning Variability Experiment
NADW North Atlantic Deep Water

NASA National Aeronautics and Space Administration
NBC North Brazil Current

NCEI National Centers for Environmental Information
NECC North Equatorial Countercurrent

NH Northern Hemisphere

NOAA National Oceanic and Atmospheric Administration
0, oxygen

OHCA ocean heat content anomaly

P Precipitation

pH, total scale seawater pH

PSO permanently stratified ocean

PSS-78 Practical Salinity Scale-78

Q.. net surface heat flux

RAPID/MOCHA/WBTS  Rapid Climate Change/MOC and Heatflux Array/Western Boundary Time Series
SD standard deviation

SEC South Equatorial Current

SH Southern Hemisphere

SI0 Scripps Institution of Oceanography

SL sea level

SLA sea-level anomaly

SMAP Soil Moisture Active Passive

SMOS Soil Moisture and Ocean Salinity

SOCAT Surface Ocean CO, Atlas

SOM-FNN self-organizing maps feed-forward neural network
SON September—November

SPCZ South Pacific Convergence Zone

SSM/I Special Sensor Microwave/Imager

SSS sea-surface salinity

SST sea-surface temperature

SSTA sea-surface temperature anomaly

Sw shortwave radiation

TA total alkalinity

U maximum zonal currents

usv uncrewed surface vehicles

W, Ekman velocity

XBT Expendable Bathythermographs

YC Yucatan Current
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