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Cover credit:  
Caption: Lightning discharges appear in various colours depending on the scatter of light inside 
the thundercloud and in the atmosphere. The intracloud lightning discharges in the centre of 
the thundercloud appear to be white with a bluish tint, and the cloud-to-ground discharge 
below appears to be orange. The right hand side of the thundercloud exhibits a green tint that 
is attributed to the unique composition of hydrometeors inside the thundercloud. 

The photo was taken in the late evening of 10 September 2013, near Tarragona in northeastern 
Spain. 

© Oscar van der Velde, http://www.lightningwizard.com/index.php?type=sets&setId=72157624
159585244&page=2, accessed 10 June 2016.

Global Climate is one chapter from the State of the Climate in 2021 annual report and is avail-
able from https://doi.org/10.1175/BAMS-D-22-0092.1. Compiled by NOAA’s National Centers for 
Environmental Information, State of the Climate in 2021 is based on contributions from scien-
tists from around the world. It provides a detailed update on global climate indicators, notable 
weather events, and other data collected by environmental monitoring stations and instru-
ments located on land, water, ice, and in space.  
The full report is available from https://doi.org/10.1175/2022BAMSStateoftheClimate.1
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a. Introduction—R. J. H. Dunn, F. Aldred, N. Gobron, J. B Miller, and K. M. Willett
In 2021, both social and economic activities began to return towards the levels preceding 

the COVID-19 pandemic for some parts of the globe, with others still experiencing restrictions. 
Meanwhile, the climate has continued to respond to the ongoing increase in greenhouse gases 
and resulting warming. La Niña, a phenomenon which tends to depress global temperatures 
while changing rainfall patterns in many regions, prevailed for all but two months of the year. 
Despite this, 2021 was one of the six-warmest years on record as measured by global mean surface 
temperature with an anomaly of between +0.21° and +0.28°C above the 1991–2020 climatology.

Lake surface temperatures were their highest on record during 2021. The number of warm 
days over land also reached a new record high. Exceptional heat waves struck the Pacific Coast 
of North America, leading to a new Canadian maximum temperature of 49.6°C at Lytton, British 
Columbia, on 29 June, breaking the previous national record by over 4°C. In Death Valley, Cali-
fornia, the peak temperature reached 54.4°C on 9 July, equaling the temperature measured in 
2020, and the highest temperature recorded anywhere on the globe since at least the 1930s. Over 
the Mediterranean, a provisional new European record of 48.8°C was set in Sicily on 11 August. In 
the atmosphere, the annual mean tropospheric temperature was among the 10 highest on record, 
while the stratosphere continued to cool.

While La Niña was present except for June and July, likely influencing Australia’s coolest year 
since 2012 and wettest since 2016, other modes of variability played important roles. A negative 
Indian Ocean dipole event became established during July, associated with a warmer east and 
cooler west Indian Ocean. Northern Hemisphere winters were affected by a negative phase of the 
North Atlantic Oscillation at both the beginning and end of 2021. In the Southern Hemisphere, a 
very strong positive Southern Annular Mode (also known as the Antarctic Oscillation) contributed 
to New Zealand’s record warm year and to very cold temperatures over Antarctica. Land surface 
winds continued a slow reversal from the multi-decadal stilling, and over the ocean wind speeds 
were at their highest in almost a decade.

La Niña conditions had a clear influence on the regional patterns of many hydrological vari-
ables. Surface specific humidity and total column water vapor over land and ocean were higher 
than average in almost all datasets. Relative humidity over land reached record or near-record low 
saturation depending on the dataset, but with mixed signals over the ocean. Satellite measure-
ments showed that 2021 was the third cloudiest in the 19-year record. The story for precipitation 
was mixed, with just below-average mean precipitation falling over land and below-average mean 
precipitation falling over the ocean, while extreme precipitation was generally more frequent, 
but less intense, than average. Differences between means and extremes can be due to several 
factors, including using different indices, observing periods, climatological base reference peri-
ods, and levels of spatial completeness. The sharp increase in global drought area that began in 
mid-2019 continued in 2021, reaching a peak in August with 32% of global land area experiencing 
moderate or worse drought, and declining slightly thereafter.

Arctic permafrost temperatures continued to rise, reaching record values at many sites, and 
the thickness of the layer which seasonally thaws and freezes also increased over 2020 values 

2. GLOBAL CLIMATE
R. J. H. Dunn, F. Aldred, N. Gobron, J. B. Miller, and K. M. Willett, Eds.
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in a number of regions. It was the 34th-consecutive year of mass balance loss for alpine glaciers 
in mountainous regions, with glaciers on average 25 m thinner than in the late 1970s. And the 
duration of lake ice in the Northern Hemisphere was the fourth lowest in situ record dating back 
to 1991.  

The atmospheric concentrations of the major long-lived greenhouse gases, CO2, CH4, and 
N2O, all reached levels not seen in at least the last million years and grew at near-record rates in 
2021. La Niña conditions did not appear to have any appreciable impact on their growth rates. 
The growth rate for CH4, of 17 ppb yr−1, was similar to that for 2020 and set yet another record, 
although the causes for this post-2019 acceleration are unknown presently. Overall, CO2 growth 
continues to dominate the increase in global radiative forcing, which increased from 3.19 to 3.23 
W m−2 (watts per square meter) during the year. In 2021, stratospheric ozone did not exhibit large 
negative anomalies, especially near the poles, unlike 2020, where large ozone depletions ap-
peared, mainly from dynamical effects. The positive impact of reductions in emissions of ozone 
depleting substances can be seen most clearly in the upper stratosphere, where such dynamical 
effects are less pronounced. 

It was the fourth-lowest fire year since global records began in 2003, though extreme regional 
fire activity was again seen in North America and also in Siberia; as in 2020, the effects of wild-
fires in these two regions led to locally large regional positive anomalies in tropospheric aerosol 
and carbon monoxide abundance. 

Vegetation is responding to the higher global mean temperatures, with the satellite-derived 
measures for the Northern Hemisphere for 2021 rated among the earliest starts of the growing 
season and the latest end of the season on record. The first bloom date for cherry trees in Kyoto, 
Japan, broke a 600-year record set in 1409.

This year we welcome a sidebar on the global distribution of lightning, which has been recently 
declared an essential climate variable (ECV) by the Global Climate Observing System (GCOS).

Time series and anomaly maps from many of the variables described in this chapter can be 
found in Plates 1.1 and 2.1. As with other chapters, many of the sections have moved from the 
previous 1981–2010 to the new 1991–2020 climatological reference period, in line with WMO 
recommendations (see Chapter 1). This is not possible for all datasets, as it is dependent on their 
length of record or legacy processing methods. While anomalies from the new climatology period 
are not so easily comparable with previous editions of this report, they more clearly highlight 
deviations from more recent conditions.
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Plate 2.1. (a) NOAA NCEI Global land and ocean surface annual 
temperature anomalies (°C); (b) Satellite-derived warm season 
lake surface water temperature anomalies (°C); (c) CLASSnmat 
night marine air temperature annual average anomalies (°C); 
(d) GHCNDEX warm day threshold exceedance (TX90p); (e) 
GHCNDEX cool night threshold exceedance (TN10p); (f) Aver-
age of RSS and UAH lower tropospheric temperature anomalies 
(°C). Gray contours represent the value of the linear regression 
between the monthly Niño 3.4 index and the monthly local 
lower tropospheric temperature anomaly over 1979–2019; (g) 
HadISDH surface specific humidity anomalies (g kg−1);
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Plate 2.1. (cont.) (h) HadISDH surface relative humidity anoma-
lies (%rh); (i) MERRA2 TCWV anomalies (%). Data from GNSS 
stations are plotted as filled circles; (j) “All sky” microwave-
based UTH anomalies (%rh); (k) GPCP v2.3 annual mean 
precipitation anomalies (mm yr−1); (l) GPCC maximum 1-day 
(Rx1day) annual precipitation anomalies (mm); (m) MODIS 
Aqua C6.1 cloud fraction annual anomalies (%); (n) ELSE (En-
semble Land State Estimator) global distribution of runoff 
anomalies (mm yr−1);
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Plate 2.1. (cont.) (o) ELSE global distribution of river discharge anomalies (m3 s−1); (p) GRACE and GRACE-FO difference in 
annual-mean terrestrial water storage between 2021 and 2020 (cm); (q) ESA CCI average surface soil moisture anomalies 
(m3 m−3); (r) Mean scPDSI for 2021. Droughts are indicated by negative values (brown), wet episodes by positive values 
(green); (s) GLEAM land evaporation anomalies (mm yr−1); (t) ERA5 sea level pressure anomalies (hPa);
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Plate 2.1. (cont.) (u) Surface wind speed anomalies (m s−1) 
from the observational HadISD3 dataset (land, circles), the 
ERA5 reanalysis output (land, shaded areas), and RSS satel-
lite observations (ocean, shaded areas); (v) ERA5 850-hPa 
eastward wind speed anomalies (m s−1); (w) Total aerosol 
optical depth (AOD) anomalies at 550 nm; (x) Ratio of total 
AOD at 550 nm in 2021 relative to 2003–20; (y) Number of 
days with AOD above the 99.9th percentile. Areas with zero 
days appear as the white/gray background; (z) GOME-2C total 
column ozone anomalies relative to the 1998–2008 mean from 
GSG merged dataset (DU); (aa) OMI /MLS tropospheric ozone 
column anomalies for 60°S–60°N (DU); 
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Plate 2.1. (cont.) (ab) CAMS reanalysis total column CO anomalies (%); (ac) Land surface visible broadband albedo anomalies 
(%); (ad) Land surface near-infrared albedo anomalies (%); (ae) FAPAR anomalies; (af) GFASv1.4 carbonaceous emission 
anomalies (g C m−2 yr−1) from biomass burning; (ag) VODCA Ku-band VOD anomalies.
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b. Temperature
1. GLOBAL SURFACE TEMPERATURE—A. Sánchez-Lugo, C. Morice, J. P. Nicolas, and A. Argüez
The year 2021 was among the seven warmest years since global records began in the mid-to-

late 1800s, with a temperature departure between +0.21° and +0.28°C, according to six global 
temperature datasets (Table 2.1). Depending on the dataset, 2021 was either the fifth, sixth, or 
equal with 2018 as sixth-warmest year on record (Fig. 2.1). These datasets consist of four inde-
pendent global in situ surface temperature analyses (NASA-GISS, Lenssen et al. 2019; HadCRUT5, 
Morice et al. 2021; NOAAGlobalTemp, Zhang et al. 2019; Berkeley Earth, Rhode and Hausfather 
2020) and two global atmospheric reanalyses (ERA5, Hersbach et al. 2020, Bell et al. 2021; JRA-
55, Kobayashi et al. 2015). 

Table 2.1. Temperature anomalies (°C) and uncertainties (where available) for 2021 (1991–2020 base 
period). Where uncertainty ranges are provided, the temperature anomalies correspond to the central 
values of a range of possible estimates. Uncertainty ranges represent a 95% confidence interval. Note 
that for the HadCRUT5 column, land values were computed using the CRUTEM.5.0.1.0 dataset (Osborn 
et al. 2021), ocean values 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.

Global NASA-GISS HadCRUT5
NOAA

GlobalTemp
Berkley 
Earth

ERA5 JRA-55

Land +0.40 +0.32 ± 0.11 +0.41 ± 0.14 +0.35 ± 0.03 +0.41 +0.33

Ocean +0.14 +0.19 ± 0.06 +0.15 ± 0.16 — +0.22 +0.16

Land and Ocean +0.24 ± 0.05 +0.22 ± 0.03 +0.22 ± 0.15 +0.24 ± 0.03 +0.28 +0.21

Fig. 2.1. Global average surface air temperature anomalies (°C; 1991–2020 base period). In situ estimates are shown for 
NOAA/NCEI (Zhang et al. 2019), NASA-GISS (Lenssen et al. 2019), Berkeley Earth (Rhode and Hausfather 2020), HadCRUT5 
(Morice et al. 2021), CRUTEM5 (Osborn et al. 2021), and HadSST4 (Kennedy et al. 2019). Reanalysis estimates are shown 
from ERA5 (Hersbach et al. 2020), including from the preliminary ERA5 back-extension (Bell et al. 2021) for 1967–2021, 
and JRA-55 (Kobayashi et al. 2015). Please note change in x-axis scale pre/post 2000.
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The six datasets all agree that the last seven years (2015–21) were the seven warmest years on 
record. Similarly, the datasets agree that the global average surface temperature has increased at 
an average rate of 0.08°–0.09°C decade−1 since 1880 and at a rate more than twice as high since 
1981 (0.18°–0.20°C decade−1, depending on the dataset).

The year began with a cold phase of the El Niño-Southern Oscillation (ENSO; see section 4b), 
also known as La Niña, across the eastern and central tropical Pacific Ocean, helping cool global 
temperatures slightly. The month of February had the smallest temperature anomaly of the year for 
the globe and was the coldest February since 2014, with global temperatures close to the 1991–2020 
base period. La Niña dissipated by June, but re-emerged in August. With the exception of Febru-
ary, each month during 2021 had a global temperature that was above the 1991–2020 average. 

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 2021 was considerably 
lower than we would expect due to the secular upward trend alone, with trend-adjusted anoma-
lies registering between the 10th and 40th percentiles (depending on the dataset) following the 
Arguez et al. (2020) approach. These relatively cool conditions observed in 2021 are generally 
consistent with the typical cooling influence of La Niña. Moreover, trend-adjusted anomalies for 
2021 are similar to the values recorded over the relatively cool years from 2011 to 2014, a period 
that also predominantly exhibited cooler-than-normal ENSO index values.

The year 2021 was characterized by above-average temperatures across much of the globe 
(Plate 2.1a; Appendix Figs. A2.1–A2.4), in particular across a large swath of North America (from 
the western United States to far northeastern Canada), as well as a region spanning northern 
Africa, western and central Asia, and into eastern Asia. Average to below-average temperatures 
prevailed across the central and eastern tropical Pacific Ocean and across parts of northwestern 
North America, Scandinavia, northern Russia, southern Africa, southern Australia, and parts 
of the southern oceans. Averaged as a whole, the global land-only surface air temperature for 
2021 ranked among the sixth highest in the six datasets with a temperature departure of +0.32° 
to +0.41°C. The globally averaged SST was either sixth or seventh highest on record at +0.14° to 
+0.22°C, depending on the dataset.

Even though each dataset might differ slightly on the annual rankings and anomalies, it is worth 
noting that these differences are small and that, overall, temperature anomalies for each dataset 
are in close agreement (for more details see Simmons et al. 2017, 2021; Morice et al. 2021). Global 
atmospheric reanalyses use a weather prediction model to combine information from a range of 
satellite, radiosonde, aircraft, and other in situ observations to reconstruct historical weather 
and climate across the whole globe. While reanalyses may show regional differences from in situ 
surface temperature analyses because of regional model biases and changes in the observation 
network, they have been shown to agree well in well-observed regions (Simmons et al. 2017, 2021). 
Here, the data from ERA5 and JRA-55 are processed as described in Sanchez-Lugo et al. (2021). 

2. LAKE SURFACE WATER TEMPERATURE—L. Carrea, C. J. Merchant, and R. I. Woolway
In 2021, the worldwide averaged satellite-derived lake surface water temperature (LSWT) 

warm-season anomaly was +0.60°C with respect to the 1996–2016 baseline, the highest since the 
beginning of the record in 1995, comparable with 2016. The mean LSWT trend during 1995–2021 
is +0.24° ± 0.01°C decade−1 (Fig. 2.2a), broadly consistent with previous analyses (Woolway et al. 
2017, 2018; Carrea et al, 2019, 2020, 2021). The warm-season anomalies for each lake are shown 
in Plate 2.1b, with 78% having positive (i.e., above-average temperature) and 22% negative (i.e., 
below-average) anomalies.

Globally, distinct regions of coherent above- and below-average LSWT anomaly can be seen. 
Almost half (45%) of the observed lakes show LSWT anomalies exceeding +0.5°C, with 3% hav-
ing anomalies higher than +3°C. The highest positive anomalies were located across the Tibetan 
Plateau, in the northwest United States, and in the Middle East and Pakistan. Negative anomalies 
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were mostly in South America (except Patagonia), Australia, and in high northern latitudes, 
including Alaska, Greenland, and eastern Russia (Plate 2.1b). Two lakes in the latter region had 
the most negative anomalies (below −3°C). 

Four regions are considered in more detail: Canada, Europe, Tibet, and Africa (Fig. 2.3). The 
warm-season (July–September) LSWT anomalies calculated from the satellite data are consistent 
with the averaged surface air temperature (SAT) anomalies and show a warming tendency (from 
1995) of +0.38° ± 0.03°C decade−1 in Europe and +0.18° ± 0.03°C decade−1 in Canada (Figs. 2.2b,e). 
In Africa, the tendency is closer to neutral (+0.08° ± 0.01°C decade−1), while in Tibet the warm-
ing tendency has increased with respect to the previous years due to the exceptionally positive 
2021 anomaly (Figs. 2.2c,d). In the Tibetan area, all but two lakes had positive anomalies in 2021, 
with an average of +1.3°C. This is exceptionally high for the region, being 3.8 times the standard 
deviation of the average anomalies (1996–2016) and the highest on record. In Europe, below-
average anomalies in northern Europe (29 lakes) are less prevalent than above-average anomalies 
(97 lakes), with an average anomaly of +0.31°C. In Africa, 74% of the 70 lakes recorded positive 
anomalies. Several of the highest anomalies occurred north of the equator, contributing to an 
average continental anomaly of +0.33°C. In Canada, 80% of the lakes had positive anomalies, 
with an average LSWT anomaly of +0.34°C. The 2021 warm-season anomalies for Lakes Superior, 
Michigan, and Huron were computed using both in situ measurements and satellite data. The 
2021 in situ anomalies were +3.36°C, +1.47°C, and +1.00°C, and the satellite were +2.49°C (the 
highest on record), +0.85°C, and +0.99°C, respectively. The differences are mostly because the 
in situ measurements are taken at only some sites on the lake while the satellite observations 

Fig. 2.2. Annual time series of satellite-derived warm-season lake surface water temperature anomalies (°C; 1996–2016 base 
period) from 1995 to 2021 for (a) more than 900 lakes distributed globally, (b) Europe, (c) Africa, (d) Tibet, and (e) Canada.
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cover the whole lake. The spatial distribution of 2021 anomalies for these lakes (Appendix Fig. A2.5) 
all have positive values, but with strong variation across each of the lakes. The LSWT warm-season 
averages for midlatitude lakes are computed for summers, (July–September [JAS] in the extratropi-
cal Northern Hemisphere and January–March [JFM] in the extratropical Southern Hemisphere) 
and whole-year averages (January–December) are presented for tropical lakes (within 23.5° of 
the equator). LSWT time series were derived from satellite observations from the series of Along 
Track Scanning Radiometers (ATSRs), the Advanced Very High Resolution Radiometers (AVHRRs) 
on MetOp A and B (1996–2019), and the Sea and Land Surface Temperature Radiometers (SLSTRs) 
on Sentinel3A and 3B (2019–2021). 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. The satellite-derived LSWT data are 
spatial averages for each of a total of 963 lakes, for which high quality temperature records were 
available in 2021. The satellite-derived LSWT data were validated with in situ measurements 
with a good agreement (average satellite minus in situ temperature difference less than 0.5°C). 
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). The averaged surface air temperature was calculated from the GHCN v4 (250-km smoothing 
radius) data of the NASA GISS surface temperature analysis (Hansen et al. 2010; GISTEMP Team 
2022). The in situ data for the Great Lakes were collected by the NOAA National Data Buoy Center.

Fig. 2.3. Individual lake temperature anomalies (°C, colored dots) and 2-m air temperature anomalies (°C) in 2021 in (a) 
Europe, (b) Africa, (c) Canada, and (d) Tibet. These values were calculated for the warm season (Jul–Sep in the extratropi-
cal NH; Jan–Mar in the extratropical SH; Jan–Dec in the tropics) with reference to the 1996–2016 base period.
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3. NIGHT MARINE AIR TEMPERATURE—R. C. Cornes, T. Cropper, R. Junod, and E. C. Kent
Globally gridded datasets of night marine air temperature (NMAT) provide a useful and inde-

pendent comparison against sea surface temperature (SST) data. Air temperature values have 
been recorded onboard vessels for centuries and continue to the present through the Voluntary 
Observing Ship (VOS) network. These observations can be used to construct global datasets of 
marine air temperature back to at least 1900. While temperature values are recorded throughout 
the day and night on these ships, only the nighttime observations are currently used to construct 
the gridded values due to the heating bias that arises in the daytime data, as a result of the super-
structure of the ship.

Global mean temperature anomalies calculated from the two gridded NMAT datasets 
(CLASSnmat, Cornes et al. 2020 and UAHNMAT, Junod and Christy 2020) show a marked cooling 
in 2021 compared to 2020 but also relative to values over the last decade (Fig. 2.4). For CLASSn-
mat, the average global temperature anomaly (relative to the 1961–90 average) during 2021 was 
+0.38°C, a value comparable to that recorded in 2006. As such, 2021 was only the 13th highest in 
the series, which dates back to 1880. For UAHNMAT, the global mean anomaly value was +0.33°C 
in 2021; this is also the 13th highest annual mean temperature in its 1900–2021 record. These 
values contrast with the HadSST4 sea surface temperature dataset (Kennedy et al. 2019), which 
shows that 2021 was the fifth highest in the 1850–2021 period, with a global average anomaly of 

Fig. 2.4. Annual mean temperature anomalies (°C; 1961–90 base period) calculated from the CLASSnmat, UAHNMAT, and 
HadSST4 datasets averaged over four domains. The tropics is defined as the latitude range 20°S–20°N and the Northern 
(Southern) Hemisphere is defined as north (south) of 0°. The averages only include values that are common to all three da-
tasets for a given year, and since UAHNMAT are only available after 1900, only values for the period 1900–2021 are plotted. 
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+0.67°C. A similar difference of about −0.3°C in the 2021 NMAT averages, relative to HadSST4, 
is seen across other large-scale regions (Table 2.2). In this comparison of the three datasets, co-
located gridded data are used to avoid any complication to the analysis from differing global 
coverage. In particular, the NMAT datasets have poor coverage south of 40°S. 

The principal reason for the lower temperature anomalies during 2021, compared to recent 
years, is the extended La Niña conditions that were present during the year (see section 4b). 
Historically, the NMAT data show a clear response to La Niña conditions, with a pattern across 
the Pacific that is similar in form and magnitude to that observed in the SST data (Figs. 2.5a–c). 
However, differences are apparent in the NMAT data compared to SST beyond the typical La Niña 
pattern and is the reason for the lower global average anomalies in the two NMAT datasets for 
2021 compared to 2020 (Figs. 2.5d–f). The negative temperature anomalies in the central Pacific 
are more widespread in NMAT compared to SST, and the two nodes of positive anomalies in the 
North and southwestern Pacific are not clearly defined in either NMAT dataset. In addition, while 
positive anomalies for 2021 are evident in most grid cells in the SST data across the Atlantic and 
Indian Oceans, these are much weaker in the NMAT datasets, and there are many more grid cells 
in these regions with negative anomalies. Some of these regional differences can be explained 
by different data availability in the SST and NMAT datasets. Most notably, across the southern 
Pacific there is greater uncertainty in the NMAT values because there are few ship observations 
in the region; this is mitigated in the SST through the use of drifting buoy measurements in the 
grid cell averages. However, this does not fully explain the differences seen in these results as 
there is relatively good observational coverage in the NMAT datasets across the North Atlantic. 

The data used in Fig. 2.5 were detrended, prior to averaging, in order to remove the long-term 
trend from the data by calculating the residuals from a linear regression fit to the data per grid 
cell. This detrending allows the response of the SST and NMAT data to La Niña conditions to be 
compared more directly. Over approximately the last 50 years, global mean NMAT has increased 
at a slower rate than SST (Fig. 2.4; Cornes et al. 2021); this accounts for the difference in rankings 
in the NMAT datasets compared to HadSST4. The reasons for this trend-differential are not well 
understood, and work is ongoing to determine if this is a true feature of the data or an artifact in 
the NMAT and/or SST datasets. It is also not clear if the interannual variability, and notably the 
relatively cool conditions observed during 2021, is related to this difference in long-term trends 
since taking into account this trend differential, the −0.3°C offset between NMAT and SST in 2021 
was unusually large.

Table 2.2. Annual average temperature anomalies (°C) across four regions 
for 2021 for the CLASSnmat, UAHNMAT, and HadSST4 datasets (1961–90 
base period). The values in parentheses indicate the ranking (1 = highest) 
of these values over the period 1900–2021.

Global
Northern 

Hemisphere
Southern 

Hemisphere
Tropics

CLASSnmat2.1 +0.38 (13) +0.46 (11) +0.27 (17) +0.16 (31)

UAHNMAT +0.33 (13) +0.42 (11) +0.22 (25) +0.11 (38)

HadSST4 +0.67 (5) +0.77 (4) +0.54 (7) +0.54 (10)
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4. LAND AND SURFACE MARINE TEMPERATURE EXTREMES—R. J. H. Dunn, M. G. Donat, 
R. W. Schlegel, and S. E. Perkins-Kirkpatrick

The average number of warm days (TX90p, Table 2.3) over land was the second most on record, 
according to the observational dataset GHCNDEX (Donat et al. 2013; Fig. 2.6, using the 1961–90 
reference period), with 68 days, though we note the incomplete spatial coverage. The average 
number of cool nights (TN10p) was 22, which was 14 fewer than the expected average, but not at 
record values. The expected values for these two indices are 36.5 days over the reference period, 
which is used in their calculation. The average values of the spatially complete reanalysis dataset 
ERA5 (Hersbach et al. 2020, using the 1981–2010 reference period) over land are similar to those 
from GHCNDEX, and TX90p was at its third highest value at 65.6 days, after 2016 and 2020 (Fig. 
2.6). The spatial patterns of these indices (Plates 2.1d,e; Appendix Fig. A2.6) show especially high 
numbers of warm days over Africa and Asia and relatively low numbers over Australia, which also 
had high numbers of cool nights in 2021. Below we describe some of the low and high temperature 
events of 2021 in more detail (see also WMO 2022), primarily from the global north where these 
details were more readily available.

Fig. 2.5. Average detrended temperature anomalies (°C) in the HadSST4, CLASSnmat, and UAHNMAT datasets calculated 
as (a–c) the mean of nine years between 1955 and 2000 in the year following a La Niña event and (d–f) for the year 2021. 
The years used in (a–c) are 1955, 1956, 1965, 1971, 1974, 1976, 1989, 1999, and 2000. Grid-cell values are marked missing 
if there are fewer than five months complete per year. In (a–c), grid-cells are marked as missing if there are fewer than 
five of the nine years complete.
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Table 2.3. WMO Extremes indices from the Expert Team for Climate 
Change Detection and Indices (ETCCDI) used in this section and their 
definitions (Zhang et al. 2011). In GHCNDEX, these indices are calculated 
using 1961–90 as the reference period, and thus these anomalies use the 
same period. As a result of their construction, comparison, or conversion 
to other base periods is not simple (Dunn and Morice 2022).

Index Name Definition

TX90p
Number of 
warm days

Number of days in a year where the daily maximum 
temperature was above the 90th percentile of the 
1961–90 values.

TN10p
Number of cool 

nights

Number of days in a year where the daily minimum 
temperature was below the 10th percentile of the 
1961–90 values.

Fig. 2.6. Timeseries of (a),(c) number of warm days (TX90p) and (b),(d) number of cool nights (TN10p) from GHCNDEX (a),(b) 
and ERA5 (c),(d). The dashed lines show the smoothed behavior from a binomial filter, and the coverage uncertainty (fol-
lowing Brohan et al. 2006) is shown by the shading in (a) and (c). The dotted black lines in (a),(b) show the percentage of 
land grid boxes with sufficient temporal coverage over the record which have data in each year.
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During 2021 there were a number of notable cold periods, starting with the after effects of a 
major storm on the Iberian Peninsula in January, with widespread temperatures below −20°C in 
northeast Spain, and a new national record of −34.1°C set on 6 January at Clot del Tuc de la Llança 
(Appendix Table 2.1). In February, North America was affected by two major winter storms, leading 
to the coldest event across the continental United States in more than 30 years, reaching as far 
south as northern Mexico. Heating demand placed strain on the electrical power grid in Texas, 
resulting in up to 10 million people without power, and there were over 200 direct and indirect 
deaths related to this event (see section 7b2 for details).

Following a warm end to March, Europe had an abnormally cold April, with record low mini-
mum temperatures for the month (Appendix Table 2.1). Western North America experienced ex-
ceptional heat waves during June and July. Temperatures of above 40°C occurred over a large area 
in June, with maximum temperatures more than 15°C above average. Lytton (British Columbia, 
Canada) reached 49.6°C on 29 June, a new Canadian national record 4.6°C above the previous 
record (Appendix Fig. A2.7; see Sidebar 7.1 for details). On 9 July, Death Valley (California) recorded 
54.4°C, equaling the temperature measured in 2020 as the highest temperature on Earth since 
at least the 1930s. Many other stations reported new maximum records from these two events.

The Mediterranean region experienced a number of record-setting heatwaves in July and Au-
gust, and a station near Syracuse, Sicily (Italy), recorded a provisional new European maximum 
temperature record of 48.8°C on 11 August (Appendix Table 2.1). On 5 July, Lapland (Finland) re-
corded 33.6°C in Kevo, the hottest day in the region for over a century; it was the second warmest 
summer (JJA) average in the 120-year Finnish national record (see section 7f for details). Around 
the Arabian Gulf, a high temperature of 50.4°C was recorded at Dammam, Saudi Arabia, on 31 
July. Also, during July, and coinciding with the delayed 2020 Olympic Games, a heatwave over 
Japan broke all-time records at numerous stations (see Sidebar 7.4 for details). In the Southern 
Hemisphere, New Zealand recorded its warmest year on record, which included its warmest June 
on record, 2°C higher than the 1981–2010 average (see Sidebar 7.5 for details). 

Analyzing data from NOAA OISST v2.1 (Huang et al. 2021), 57% of the surface of the ocean 
experienced at least one marine heatwave (MHW, Hobday et al. 2016) in 2021 (Fig. 2.7b), and 25% 
experienced at least one marine cold-spell (MCS, Fig. 2.7d). Category 2 Strong MHWs (Hobday et 
al. 2018) were the most common (28%) for the eighth consecutive year, whereas Category 1 Mod-
erate MCSs have remained the most common (20%) since 1985. The ocean experienced a global 
average of 49 MHW days (13 MCS days), which is fewer than the 2020 average of 58 days (14 days) 
and the 2016 record of 61 days (1982 record of 27 days, Figs. 2.7a,c). This daily average equates to 
13% (4%) of the surface of the ocean experiencing a MHW (MCS) on any given day (Figs. 2.7a,c). 
The equatorial Pacific and Southern Oceans showed a noticeable lack of MHWs in 2021 while 
experiencing nearly complete MCS coverage. Heat anomalies in the equatorial Pacific Ocean 
are tightly linked with ENSO, which was in a La Niña state most of the year (see section 2e1), a 
continuation from 2020. The relationship between extreme events in the Southern Ocean and 
broad climate indices is complex and still poorly understood, making this an opportune avenue 
of future research. Note that with the Hobday et al. (2016) MHW definition the long-term trend 
is not removed before detecting events. This means that warming (cooling) areas will generally 
experience more (fewer) MHWs in the present than in the past, with the inverse observed for MCSs.

GHCNDEX (Donat et al. 2013) is based on the daily GHCND dataset (Menne et al. 2012). The ex-
tremes indices developed by the former ETCCDI (WMO Expert Team in Climate Change Detection 
and Indices, Zhang et al. 2011) are calculated for each station and then interpolated onto a regular 
2.5° grid.  Reduced spatial coverage in the most recent years (Fig. 2.6) arises because of late arriving 
data; hence for complete global land coverage we also use the ERA5 reanalysis (Hersbach et al. 
2020), not including the preliminary release of the 1950–78 data. The shorter temporal coverage 
means a different reference period needs to be used (1981–2010), which can lead to differences 
when comparing recent trends (Dunn et al. 2020; Yosef et al. 2021; Dunn and Morice 2022).
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5. TROPOSPHERIC TEMPERATURE—S. Po-Chedley, J. R. Christy, L. Haimberger, and C. A. Mears
The 2021 global lower-tropospheric temperature (LTT) was approximately 0.25°C higher 

(0.14°–0.34°C, depending on dataset) than the long-term climatological (1991–2020) average. This 
places 2021 among the 10 warmest years on record (since 1958) despite La Niña conditions during 
most of 2021, which typically reduce the temperature of the troposphere.

Earth’s tropospheric temperature is influenced by several natural factors such as volcanic erup-
tions, solar variability, and internal climate variability. Anthropogenic emissions of greenhouse 
gases and aerosols also affect LTT and collectively contribute to long-term warming of the global 
troposphere (Table 2.4). Since August of 2020, the El Niño-Southern Oscillation (ENSO) has largely 
been in a La Niña state (Fig. 2.8; see section 4b), which corresponds to below-average central and 
eastern tropical Pacific Ocean SSTs and reduced tropical and global average tropospheric tem-
peratures. The background warming trend and La Niña conditions combined in 2021 to create a 
global LTT that was higher-than-average, but not record-breaking (Fig. 2.9).

Fig. 2.7. Annual global marine heatwave (MHW; a,b) and marine cold-spell (MCS; c,d) occurrence from NOAA OISST using 
a climatology base period of 1982–2011. (a),(c) The average count of MHW/MCS days experienced over the surface of the 
ocean in 2021 (left y-axis), also expressed as the percent of the surface of the ocean experiencing a MHW/MCS on any 
given day (right y-axis). (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.
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The LTT anomaly pattern in 2021 is typical of La Niña conditions (Plate 2.1f; Yulaeva and 
Wallace 1994). Although La Niña events tend to reduce globally averaged LTT, some regions are 
associated with above-average LTT (Plate 2.1f), and approximately 5% of the planet experienced 
its highest annual mean LTT since 1979 (Fig. 2.8). Regions of record low annual mean LTT were 
sparse and represented less than 1% of global area (Fig. 2.8). Areas experiencing record high tem-
peratures included the Pacific Ocean midlatitudes, the southwest Atlantic Ocean, the Middle East, 

Table 2.4. Temperature trends (°C decade−1) for global lower tropospheric tempera-
ture (LTT) and tropical tropospheric temperature (TTT) over the period 1958–2021 
and 1979–2021, respectively. NASA MERRA-2 data begins in 1980. UW (Po-Chedley 
et al. 2015) and NOAA STAR (Zou and Wang 2011) data do not produce LTT products.

LTT  
(90°S–90°N)

TTT  
(20°S–20°N)

Start Year 1958 1979 1958 1979

Radiosonde

NOAA/RATPACvA2 0.18 0.22 0.17 0.19

RAOBCOREv1.9 0.168 0.18 0.14 0.16

RICHv1.9 0.18 0.20 0.18 020

Satellite

UAHv6.0 — 0.13* — 0.13

RSS v4.0 — 0.21 — 0.17

UWv1.0 — — — 0.17

NOAA STAR v4.1 — — — 0.23

Reanalyses

ERA5 — 0.18 — 0.16

JRA-55 0.17 0.18 0.16 0.15

NASA/MERRA-2 — 0.19 — 0.18

Median 0.18 0.19 0.17 0.17

*The vertical sampling in UAH LTT is slightly different from other datasets and results in temperature 
trends that are approximately 0.01°C decade−1 smaller than other datasets.

Fig. 2.8. (a) Sea surface temperature anomalies (°C, 1991–2020 base period) in the Niño 3.4 region in the central equatorial 
Pacific. Prolonged positive anomalies in red are associated with El Niño events; the reverse is true for La Niña events (in 
blue). (b) Fraction of Earth (%) with record high (red) and low (blue) monthly LTT values. The width of the line represents 
the difference between the UAH and RSS datasets.
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southwest China, and northeastern Canada. In contrast, the tropical eastern Pacific Ocean, regions 
along the West Antarctic coastline, and northwest Canada and Alaska exhibited below-average 
tropospheric temperatures in 2021.

Datasets of atmospheric temperature change are derived from balloon-based radiosonde 
measurements (RATPAC vA2, RICH v1.9, and RAOBCORE v1.9), satellite-based microwave sound-
ing observations (RSS v4, UAH v6, UW v1, and NOAA STAR v4.1), and atmospheric reanalysis 
products (MERRA-2, ERA5, and JRA-55). Each dataset is constructed with different strategies to 
remove biases, resulting in slightly different time series. In the ERA5 and MERRA-2 reanalysis 
datasets, 2021 was the fifth-warmest year on record for global LTT (Hersbach et al. 2020; Gelaro 
et al. 2017). 2021 was the sixth-warmest year in the RATPAC, RICH, and RSS datasets (Free et al. 
2005; Mears and Wentz 2016; Haimberger et al. 2012) and eighth in the JRA-55, RAOBCORE, and 
UAH datasets (Kobayashi et al. 2015; Spencer et al. 2017). In general, observations of the global 
LTT (Fig. 2.9) and tropical tropospheric temperature (TTT) have similar interannual variations, 
but exhibit non-negligible structural uncertainty for long-term trends, which range from 0.13° 
to 0.23°C decade−1 since 1979 (Table 2.4). The estimated trend uncertainty for individual satellite 
datasets is approximately 0.04°C decade−1 and the uncertainty in converting level temperatures 
to synthetic satellite brightness temperatures is approximately 0.02°C decade−1 (Po-Chedley et 
al. 2021).

Efforts to intercompare and understand differences across tropospheric temperature datasets is 
ongoing (Steiner et al. 2020). For example, Christy et al. (2018) compares radiosonde and satellite-
based measurements of tropospheric temperature and concludes that satellite datasets likely have 
spurious warming over the 1990s. On the other hand, this analysis also documents unexplained 

Fig. 2.9. Monthly average LTT anomalies (°C) 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. Anomalies are with 
respect to a 1991–2020 base period.
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cooling in satellite datasets over the early 2000s. This latter finding is consistent with recent work 
by Zou et al. (2021), who note that existing satellite datasets underestimate tropospheric tempera-
ture trends relative to a new post-2002 dataset, which relies on observations from the most recent 
generation of microwave sounding instruments and/or satellites in stable sun-synchronous orbits. 
Consistent with physical expectations, recent research shows that climate models exhibit a close 
coupling between atmospheric moistening and warming in the tropics. If model simulations are 
sufficiently accurate, relationships between distinct geophysical fields (e.g., water vapor and sea 
surface temperature observations) may be used to investigate potential observational biases in 
tropospheric temperature datasets (Santer et al. 2021). As a result of collective efforts to better 
understand and intercompare existing observational datasets, records of tropospheric warming 
are continually evolving and improving. 

6. STRATOSPHERIC TEMPERATURE—W. J. Randel, C. Covey, L. Polvani, and A. K. Steiner 
Global mean temperatures in the lower, middle, and upper stratosphere for 2021 were similar 

to 2020. The long-term trend, however, is multi-decadal cooling of the upper stratosphere and 
warming of the troposphere due to anthropogenic CO2 increases. Shorter-term climate variations 
from both natural and anthropogenic sources (e.g., Australian bushfires in 2020) are also evident 
in the record but were not prominent in 2021. The Antarctic stratospheric polar vortex was strong 
and persistent in 2021, while the Arctic was disturbed by a major stratospheric warming event 
early in the year. The stratospheric quasi-biennial oscillation (QBO) progressed normally in 2021, 
in contrast to disruptions in 2016 and 2020.

Fig. 2.10. Monthly global temperature anomalies (°C) from the middle troposphere to upper stratosphere (bottom to top). 
Middle and upper stratosphere data are from the Stratospheric Sounding Unit (SSU), representing thick-layer averages 
centered near 30, 38, and 45 km (SSU1, SSU2 and SSU3, respectively). Lower stratosphere temperatures (TLS) are ~13–22-
km layer averages from satellite microwave measurements. Middle troposphere (TMT) data are ~0–10-km layer averages, 
and are included for comparison. Each time series has been normalized to zero for the period 1995–2005, and curves are 
offset for clarity.
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Time series of global monthly temperature anomalies from the middle troposphere to the up-
per stratosphere based on satellite measurements are shown in Fig. 2.10. As discussed in Steiner 
et al. (2020), the middle and upper stratosphere data are merged products combining infrared 
emission measurements (Stratospheric Sounding Unit [SSU] 1, 2, 3 from 1979 to 2006) with more 
recent satellite data from microwave and infrared limb sounders for a continuous record. Merged 
datasets from microwave emission measurements provide layer-averaged temperatures for the 
lower stratosphere (TLS) and for the middle troposphere (TMT). In addition to long-term strato-
spheric cooling (due to CO2 increase and stratospheric ozone changes) and tropospheric warming 
due to greenhouse gas increases (section 2b5), transient variations arise from a variety of causes 
including ENSO (e.g., large El Niño events in 1997 and 2016) and large volcanic eruptions (e.g., 
in 1982 and 1991). Transient warming in the lower stratosphere (TLS) in early 2020 was caused 
by stratospheric aerosol injections from the large Australian bushfires (Yu et al. 2021; Rieger et 
al. 2021; Stocker et al. 2021). However, no such events are apparent in the global average time 
series for 2021. 

Independent measurements of temperatures between altitudes of ~10–30 km are available 
from occultations of GPS radio signals since 2002 (Steiner et al. 2020; Gulev et al. 2021). Figure 
2.11 shows the resulting temperature trends for the period 2002–21 as a function of latitude and 
altitude. The results clearly differentiate warming in the troposphere from weak cooling over 
much of the lower to middle stratosphere. A more complicated situation occurs in the Southern 
Hemisphere subtropics, where warming extends across the tropopause into the lower stratosphere. 

The long-term stratospheric cooling caused by rising greenhouse gas concentrations has led to 
a substantial contraction of the stratosphere over the last decades (Pisoft et al. 2021). Moreover, 
an increase of the tropopause height by about 50 m decade−1 was observed over the Northern 
Hemisphere with radiosonde data, confirmed with GPS radio occultation (Meng et al. 2021). The 
increase is found to be due to tropospheric warming and stratospheric cooling over the period 
1980–2000, while the continuous rise after 2000 results primarily from enhanced tropospheric 
warming. 

Unlike 2020, when the stratospheric winter polar vortices were unusually strong and undis-
turbed in both hemispheres, the Arctic polar vortex was disrupted by a major sudden stratospheric 
warming early in 2021 (Lee 2021). The Antarctic polar vortex was relatively cold and persistent in 

Fig. 2.11. Latitude–height section of temperature trends (°C decade−1) derived from GPS radio occultation measurements 
over the period 2002–21 (updated from Steiner et al. 2020). Thick dashed line denotes the time average tropopause. Hatch-
ing denotes trends that are significant at 2-sigma uncertainty.
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2021, coinciding with a large ozone hole persisting until December (sections 2g4, 6h). The equa-
torial stratosphere’s quasi-biennial oscillation progressed in 2021 as it usually has for more than 
half a century: downward-propagating easterly and westerly wind regimes and accompanying 
temperature variations, with a mean periodicity of somewhat more than two years. This regular 
downward propagation from the upper to lower stratosphere was interrupted in both 2016 and 
2020, but more regular evolution appeared to resume at the end of 2020 with an easterly phase 
propagating downward from the middle stratosphere (https://acd-ext.gsfc.nasa.gov/Data_ser-
vices/met/qbo/qbo.html).

c. Cryosphere
1. PERMAFROST TEMPERATURE AND ACTIVE LAYER THICKNESS—J. Noetzli, 

H. H. Christiansen, M. Guglielmin, F. Hrbáček, K. Isaksen, S. L. Smith, L. Zhao, and D. A. Streletskiy
Permafrost—ground material remaining at or below 0°C for at least two consecutive years—is 

a key component of the cryosphere in high-latitude and high-altitude regions. Global permafrost 
temperatures have increased for several decades, with regional variability in magnitude and 
shorter-term fluctuations related to meteorological variations (Biskaborn et al. 2019; Etzelmueller 
et al. 2020; Haberkorn et al. 2021). Observed warming rates close to the depth of the zero annual 
amplitude (DZAA)—where annual temperature fluctuations become negligible—were in the range 
of a few tenths °C decade−1 (Smith et al. 2022). They were largest (0.3°–0.8°C decade−1) at sites in 
continuous permafrost or at highest elevations with low permafrost temperatures. Warmer and 
ice-rich permafrost warms more slowly due to latent heat uptake during ice melt (< 0.3°C decade−1). 
Changes in active layer thickness (ALT)—the thickness of the layer above the permafrost that 
freezes and thaws annually—relate to annual atmospheric and snow conditions. ALT was greater 
in 2021 than in 2020 in some polar regions and generally above average of available records for 
all observed permafrost regions.

Permafrost temperatures in 2021 across the Arctic regions were the highest on record at many 
sites (see section 5h); however, at some Arctic sites (e.g., northwestern North America, Nordic 
region, and northern Russia) lower permafrost temperatures than in the previous years were 
observed, related to lower air temperatures. ALT could not be fully reported for some Arctic 
regions due to continued COVID-related travel restrictions. In northern Alaska, ALT was below 
the 2009–18 average, while it was among the largest values on record in Alaska Interior and on 
average more than 30 cm greater than in 1995. Greenland also reported its greatest ALT since 1995. 
Northern European Russia and western and eastern Siberia had lower ALT compared to 2020, but 
was greater than average, while in central Siberia it was greater than 2020. 

On James Ross Island, northeastern Antarctic Peninsula, permafrost temperatures in 2021 
were the second highest (−5.0°C) since the record began in 2011. The ground temperature at 75 
cm increased by 0.9°C over the period 2011–21 (Hrbáček et al. 2021). ALT has increased here by 12 
cm decade−1 reaching 66 cm in 2021, which was 6 cm above average. At Rothera Point, permafrost 
temperature below the DZAA has remained stable since 2009. 

Mountain permafrost accounts for approximately one-third of the global area underlain by 
permafrost (Hock et al. 2019). Data are primarily available from the European Alps, the Nordic 
region, and the Qinghai-Tibetan Plateau (QTP). Ranges of permafrost temperature and warming 
rates are similar to those observed in the Arctic, but with high spatial variability due to the complex 
topography. Significant ALT increase by meters were documented at sites in the European Alps 
over the past two decades (Etzelmueller et al. 2020; Haberkorn et al. 2021; PERMOS 2022), with 
considerable loss of ground ice (Mollaret et al. 2019). Ground temperatures close to the surface 
were lower in 2021 than 2020 in the European Alps (PERMOS 2022; Pogliotti et al. 2015; Magnin et 
al. 2015) due to a long period of snow cover and lower atmospheric temperatures (e.g., MeteoSwiss 
2022). This resulted in ALT that were often lower in 2020 and a general decrease in rock glacier 
velocity (section 2c2). For many sites, permafrost temperatures at 20-m depth—where they react 
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to longer term trends—continued to increase in 2021 and reached record levels (Fig. 2.12). This is 
also true for the Nordic mainland; on Juvvasshøe in southern Norway, 2021 was the eighth con-
secutive year (since 2014) with record permafrost temperatures (Noetzli et al. 2021a; Etzelmüller 
et al. 2020). ALT at sites in the Nordic countries in 2021 were greater than or close to the maximum 
of 2020. In Svalbard, however, permafrost temperatures at 10-m depth continued to decrease due 
to cold winters in 2019–21 (Christiansen et al. 2021), but were still above the long-term average 
(Fig. 2.12). Permafrost temperatures in the QTP in central Asia increased at six sites from 2005 to 
2020: 0.45°C decade−1 at 10-m depth and 0.24°C decade−1 at 20-m depth (Fig. 2.13; Zhao et al. 2020, 
2021). Along the Qinghai-Tibet Highway (Kunlun mountain pass), an ALT increase was observed 
with a mean of 19.4 cm decade−1 for the period 1981–2020 (Fig. 2.14). 

Long-term observation of permafrost relies on field observations of ALT, permafrost tempera-
tures, and, since 2021, on rock glacier velocity (Streletskiy et al. 2021; Pellet et al. 2021). Inter-
national data are collected by the Global Terrestrial Network for Permafrost (GTN-P) as part of 
the Global Climate Observing System (GCOS). Permafrost temperatures are logged in boreholes 
reaching at least the DZAA, with a measurement accuracy assumed to be 0.1°C (Biskaborn et al. 
2019; Noetzli et al. 2021b; Streletskiy et al. 2021). ALT is determined by mechanical probing where 
possible (accuracy of ~1 cm) and otherwise interpolated from borehole temperature measure-
ments. The global coverage of permafrost monitoring sites is sparse and particularly limited in 
regions such as Siberia, central Canada, Antarctica, and the Himalayan and Andes Mountains. 

Fig. 2.12. Permafrost temperature (°C) measured in boreholes in the European Alps and the Nordic countries at a depth 
of (a) ca. 10 m (monthly means) and (b) 20 m (annual means). (Data sources: Switzerland: Swiss Permafrost Monitoring 
Network PERMOS; Norway: Norwegian Meteorological Institute and the Norwegian Permafrost Database NORPERM; 
France: updated from Magnin et al. 2015; Italy: updated from Pogliotti et al. 2015.)
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2. ROCK GLACIER VELOCITY—C. Pellet, X. Bodin, D. Cusicanqui, R. Delaloye, A. Kääb, 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) found 
in most mountain ranges worldwide (RGIK 2021). Changes in their velocities are mostly related to 
the evolution of ground temperature and liquid water content between the permafrost table and 
the shearing horizon at depth: the closer to 0°C, the faster the rock glacier is able to move (Cicoira 
et al. 2019; Frauenfelder et al. 2003; Staub et al. 2016). In 2021, the variable rock glacier velocity 
(RGV) was adopted as a new associated product to the essential climate variable (ECV) permafrost 
by GCOS and the Global Terrestrial Network for Permafrost (GTN-P, Streletskiy et al. 2021), given the 
global occurrence of active rock glaciers and their sensitivity to changes in ground temperature. 

RGVs, observed in several mountain ranges across the globe, have been increasing since the 
1950s, with regional variability in magnitude and marked interannual variability. Observed rates 
of increase are largest since 2010 and record high velocities have been recorded since 2015. These 
changes are consistent with interannual variations of permafrost temperatures (cf. section 2c1), 
to which rock glacier velocities have been shown to respond synchronously (Cusicanqui et al. 
2021; Kääb et al. 2007; Kellerer-Pirklbauer and Kaufmann 2012; Staub et al. 2016; Vivero et al. 

Fig. 2.13. Permafrost temperature (°C) measured in boreholes along the Qinghai-Xizang Highway on the Tibetan Plateau 
at 2-m depth for the period 2005–20. (Source: Cryosphere Research Station on Qinghai-Xizang Plateau, CAS.)

Fig. 2.14. The active layer thickness (cm) and air temperature anomalies (°C) in the permafrost zone along the Qinghai-Tibet 
Highway during the period 1981–2020. The air temperature anomaly is estimated relative to the base period 1981–2010. 
(Source: Cryosphere Research Station on Qinghai-Xizang Plateau, CAS.)
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2021). Regionally, RGVs follow the same interannual behavior despite variable size, morphology, 
and velocity range (e.g., Delaloye et al. 2010; Kääb et al. 2021; Kellerer-Pirklbauer et al. 2018; 
PERMOS 2019). 

RGVs in the European Alps have increased by a factor of between 2 and 10 from the 1980s to 
2021 (Fig. 2.15b). This acceleration was temporarily interrupted at most sites during 2004–06 and 
2016–18, coinciding with a decrease in permafrost temperatures, mainly resulting from snow-
poor winters, which enabled more efficient ground cooling due to the later onset of an insulating 
snow cover (Noetzli et al. 2018; PERMOS 2019). Compared to 2020, RGVs decreased in 2021, e.g., 
at Gemmi/Furggentälti (Switzerland, −26%), Grosses Gufer (Switzerland, −24%), and Laurichard 
(France, −4%), whereas RGVs increased at Dösen (Austria, +19%) and Hinteres Langtalkar (Austria, 
+35%) to record values (Fig. 2.15b). The velocity decrease at Swiss and French sites is consistent 
with lower air temperatures compared to 2020 (Fig. 2.15a) as well as a long-lasting snow cover in 
spring and a relatively late thickening of the snow cover in autumn, which led to lower ground 
temperatures (cf. section 2c1). Different behaviors of the rock glaciers between the Western and 
Eastern Alps in 2021 might be related to differences in precipitation and temperature, particularly 
in December 2020 (warmer east), January 2021 (drier east), and July 2021 (warmer and less humid 
east), in addition to the influence of local topo-climatic factors.

Fig. 2.15. (a) Rock glacier velocity and climate: air and ground temperature (°C) in the European Alps. Rock glacier veloci-
ties (m yr−1) at selected sites in (b) the European Alps, (c) the Dry Andes (adapted from Vivero et al. 2021), and (d) central 
Asia (adapted from Kääb et al. 2021). Rock glacier velocities based on in situ geodetic surveys or photogrammetry in the 
context of long-term monitoring. In-situ permafrost temperature measured at 20-m depth (blue line) at Murtèl Corvatsch 
(black triangle on Europe map) and air temperature: composite anomaly to the 1981–2010 average (bars) and composite 
20-year running mean (solid line) at Besse (FR), Grand Saint-Bernard (CH), Saentis (CH), Sonnblick (AT), and Zugspitze (D, 
black diamonds on Europe map). (Data sources: Météo France, Deutscher Wetterdienst [DWD], MeteoSwiss, Zentralanstalt 
für Meteorologie und Geodynamik [ZAMG], Swiss Permafrost Monitoring Network [PERMOS], University of Fribourg, 
University of Graz, Graz University of Technology, Université Grenoble Alpes [INRAE], University of Oslo.)
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There are few long-term in situ measurements of RGVs outside of the European Alps. However, 
an increasing number of studies exploit the potential of archival aerial photographs and high-
resolution satellite data to reconstruct RGVs (e.g., Cusicanqui et al. 2021; Eriksen et al. 2018). The 
velocities of three rock glaciers observed in the Dry Andes in South America showed slow veloci-
ties from 1950 to 2000, followed by a steady acceleration since the 2000s (Fig. 2.15c), consistent 
with the climatic conditions observed in the region (Vivero et al. 2021). 

RGVs observed in Central Asia since the 1950s do not show a uniform picture (Fig. 2.15d; Kääb et 
al. 2021). The Karakoram and Kugalan Tash (Kyrgyzstan) RGVs steadily increased since the 1960s, 
whereas at Ordzhonikidze and Morenny (Kazakhstan) high velocities were observed during the 
second half of the 1960s, then low velocities until 2010, and increasing velocities in recent years. 
All RGVs have increased since the start of the observations and accelerated since 2010, which is 
consistent with increasing air temperatures and with the acceleration reported in the European 
Alps and Dry Andes.

Long-term RGV time series are reconstructed using multi-temporal aerial or optical satellite 
images. Horizontal displacements are computed based on feature tracking, 2D ortho-image match-
ing algorithms or digital elevation model matching. The resulting accuracy strongly depends on 
the spatial resolution of the aerial images and on the image quality. Surface displacements are 
averaged for a cluster of points selected within areas, representative of the flow field and indica-
tive of the downslope movement of the rock glacier (RGIK 2022). 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 are measured for a number of selected boulders (10–100 per 
landform) with an average accuracy in the range of mm to cm (Delaloye et al. 2008; PERMOS 2019). 

3. ALPINE GLACIERS—M. Pelto
In the hydrological year 2020/21, observed World Glacier Monitoring Service (WGMS) reference 

glaciers experienced a mass balance loss of −900 mm water equivalent (mm w.e.), compared to 
−700 mm w.e. in 2019/20. From 1970 to 2021 the eight most negative mass balance years were all 
recorded after 2010. A value of −1000 mm w.e. per year represents a mass loss of 1000 kg m−2 of 
ice, or an annual glacier-wide thickness loss of about 1100 mm yr−1.

Figure 2.16 illustrates glacier mass balance for the WGMS global reference glaciers with more 
than 30 years of data for the period 1970 to 2020. Global values are calculated using a single value 
(averaged) for each of 19 mountain regions in order to avoid a bias to well observed regions. In 
2021, a negative annual mass balance was reported from 31 of the 32 reference glaciers reported to 
the WGMS as of 1 June 2022. The mean annual mass balance of the 32 reference glaciers reporting 

Fig. 2.16. Global annual glacier mass balance of WGMS reference glacier network in mm water equivalent (w.e.), with 
annual values (red bars, left axis) and cumulative amounts since 1979 (black dots, right axis). Lighter shading for 2021 is 
used as the final values for that year were not yet available at time of publication.
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is −900 mm w.e., which includes data from 12 nations on four continents (not final regionally-
averaged global value; there are 42 reference glaciers in total). This will make 2021 the 34th con-
secutive year with a global alpine mass balance loss and the 13th consecutive year with a mean 
global mass balance below −500 mm w.e.

The rate of thinning increased from −527 mm yr−1 for 2000–09 to −896 mm yr−1 for 2010–19 
(WGMS 2021). This agrees well with the satellite survey of 200,000 alpine glaciers by Huggonet et al. 
(2021) who identified a thinning rate excluding ice sheet peripheral glaciers of 360 ± 210 mm yr−1 in 
2000 to 690 ± 150 mm yr−1 in 2019. Alpine glaciers lost a mass of 267 ± 16 Gt yr−1 from 2000 to 2019, 
equivalent to 21 ± 3% of the observed global sea level rise (Huggonet et al. 2021). More frequent 
and intense heat waves continue to take a toll on alpine glaciers (Pelto et al. 2021, 2022).

All 17 reporting glaciers in the Alps had a negative mass balance averaging −682 mm in 2021. 
In Austria in 2020, of the 92 glaciers with annual terminus observations, 85 (93.4%) withdrew 
and seven remained stationary (Lieb and Kellerer-Pirklbauer 2021). This retreat trend continued 
in 2021, with another year of mass balance loss. In Norway, the six reporting glaciers all had a 
negative mass balance, yielding an average mass balance of −671 mm in 2021. On Svalbard, the 
mean loss of the four reporting glaciers was −227 mm. Iceland completed surveys of nine glaciers; 
all nine had negative balances, with a mean mass balance of −1160 mm.

In western Canada and Washington (United States) all 14 glaciers observed in 2021 had a nega-
tive mass balance averaging −1635 mm. The exceptional heat wave during late June and early July 
in western North America (section 2b4; Sidebar 7.1) set the stage for the large glacier mass loss 
(Pelto et al. 2022; Fig. 2.17). In Alaska, three of the four glaciers measured had a negative mass 
balance, with a mean annual balance of −528 mm. In South America, 2021 mass balance data 
were reported from three glaciers in Argentina, two glaciers in Chile, and one in Colombia; all 
were negative with a mean of −861 mm. This is greater than the 2000–18 average loss observed 
in the Andes of −720 ± 220 mm yr−1 (Dussaillant et al. 2019). In High Mountain Asia, 15 of 18 gla-
ciers reported negative balances in 2021. The average mass balance was −468 mm. Early winter 
of 2021 was warm and dry across the Himalayan region. This was capped off by record warmth 
in the Mount Everest region, leading to the snow line on glaciers rising and snow-free glaciers 
up to 6000 m (Pelto et al. 2021), illustrating that the ablation season no longer always ends when 
winter begins. The importance of winter conditions was further noted by Potocki et al. (2022) who 
reported on an ice core drilled on South Col Glacier, on Mount Everest at 8020 m a.s.l., revealing 
a contemporary sublimation driven thinning of ~2000 mm yr−1.

Fig. 2.17. Easton Glacier in Washington state in 
August 2021, with less than 10% snowcover and 
one month left in the ablation season.
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4. LAKE ICE—S. Sharma, R. I. Woolway, A. Basu, K. Blagrave, G. Bove, N. Granin, J. H. L’Abée-Lund, 
H. J. Malmquist, W. Marszelewski, T. Nõges, M. Pulkkanen, and K. Stewart

In the 2020/21 winter, lake ice phenology (timing of ice-on and ice-off) across the Northern 
Hemisphere (NH, calculated from Copernicus Climate Change Service [C3S] ERA5 [Hersbach et al. 
2020]) continued to exhibit 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). Relative to 
the 1991–2020 base period, NH lakes froze, on average, 3.8 days later, thawed 3.5 days earlier, 
and ice duration was over 7 days shorter (Figs. 2.18, 2.19). The regional variations in ice duration 
were consistent with NH winter air temperature anomalies. Most notably, some regions in North 
America, such as western Canada, experienced below-average air temperatures, which resulted 
in longer-than-average ice duration. Conversely, eastern Canada and many regions in Eurasia 
experienced warmer-than-average conditions that resulted in shorter-than-average ice duration 
(Fig. 2.18d).

Fig. 2.18. Anomalies (days) in 2021 in (a) ice-on (positive = later), (b) ice-off (negative = earlier), and (c) ice duration for 
lakes across the NH (negative = shorter), 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. (Sources: ERA5, GISTEMP.) The 
winter season for 2021 generally refers to the time between the end of autumn 2020 and the start of spring 2021.
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Based on in situ ice phenological records from 110 lakes in North America (NA), Europe, and 
Asia, ice-on was 11 days later, ice-off was 7.5 days earlier, and there were 19 fewer days of ice 
cover over the 2020/21 winter season, on average, relative to 1991–2020 (Fig. 2.19). For NA lakes, 
ice-on averaged 5 days later and ice-off was 11 days earlier. For European lakes, ice-on was 17 days 
later, ice-off was 3 days earlier, totaling 20 days less ice cover in the winter of 2021 relative to the 
1991–2020 base period. Lake Erken, in Sweden, lost the most ice cover during the 2021 winter, with 
61 days less ice cover compared to the 1991–2020 normal in response to an anomalously warm 
winter in 2021 in the region. Analysis of ice phenology trends during 1991–2021 suggest that ice-
on date is 4.1 days later per decade, ice-off date is 2.2 days earlier per decade, and ice duration 

Fig. 2.19. (a) Lake ice-on, (b) ice-off, and (c) ice duration anomalies from 1980 to 2021 derived from in situ observations 
and ERA5 reanalysis. (d) Anomalies in Great Lakes maximum ice cover extent (%) for 1973–2021. The black line shows the 
average anomaly for all of the Great Lakes, whereas the lines in color show individual lakes (Erie, Michigan, Superior, 
Ontario, Huron). Base period is 1991–2020. The winter season for 2021 generally refers to the time between the end of 
autumn 2020 and the start of spring 2021.
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is 6.8 shorter per decade on average for these 110 lakes. In 2021, the Laurentian Great Lakes had 
2.9% less maximal ice coverage relative to 1991–2020. The deeper and most northern lakes all 
had less maximal ice coverage, of which Lake Huron was the most anomalous with 11.6% less ice 
coverage in 2021. Lake Erie, the shallowest lake, was the exception, with 9.7% more ice coverage 
in 2021 (Fig. 2.19d). Since 1973, the Laurentian Great Lakes have been losing on average 4.3% 
(95% confidence interval: 0.5, −9.1) of ice coverage per decade. Lake Superior is losing the most 
ice coverage per decade of all the Great Lakes (7.0% per decade). In fact, Lake Superior is one of 
the world’s fastest warming lakes (O’Reilly et al. 2015; Sharma et al. 2021) and has lost over 60 
days of ice cover since 1857 (Sharma et al. 2021; Wang et al. 2021).

To estimate the timing of ice-on and ice-off and, ultimately, the duration of winter ice cover 
across NH lakes, ice simulations from the ERA5 reanalysis product (Hersbach et al. 2020) were 
analyzed following the methods of Grant et al. (2021). We obtained in situ ice phenology for 110 
lakes: Canada (5), United States (53), Estonia (2), Finland (27), Iceland (1), Norway (18), Poland 
(1), Sweden (1), Russia (1), and Japan (1). In addition, we obtained annual maximum ice cover 
(%) data for each of the Laurentian Great Lakes from 1973 to 2020 (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 (Lenssen et al. 2019; GISTEMP 
Team 2022). To create the time series figure, the ERA5 data were averaged across all 0.25° grids 
and consisted of a much larger sample size relative to the in situ data where the anomalies were 
averaged across 110 lakes.

5. NORTHERN HEMISPHERE CONTINENTAL SNOW COVER EXTENT—D. A. Robinson 
and T. W. Estilow

Annual snow cover extent (SCE) over Northern Hemisphere (NH) lands averaged 24.3 million 
km2 in 2021. This is 0.6 million km2 less than the 1991–2020 mean and 0.8 million km2 below the 
mean over a 52-year period of record (Fig. 2.20; Table 2.5), marking the seventh least extensive 
cover on record. Monthly SCE in 2021 ranged from a maximum of 46.8 million km2 in January to 
a minimum of 2.5 million km2 in August.  

The year began with NH SCE ranking in the middle tercile of the 55-year record, although 
North America (NA) SCE was fourth most extensive on record in February. NA quickly lost SCE in 
March, falling to 47th most extensive, while Eurasia (EUR) remained well below average. These 
conditions persisted throughout spring, with May having the 52nd most extensive SCE on record 
and June 47th most extensive.

Fig. 2.20. 12-month running anomalies (million km2) of monthly SCE over NH lands as a whole (black) and EUR (red), and 
NA (blue) separately, plotted on the seventh month using values from Nov 1966 to Dec 2021. Anomalies are calculated 
from NOAA snow maps. Mean NH SCE is 25.1 million km2 for the full period of record. Monthly means for the period of 
record are used for nine missing months during 1968, 1969, and 1971 in order to create a continuous series of running 
means. Missing months fall between Jun and Oct. Data from Estilow et al. (2015).
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NA picked up some early autumn snow, 
contributing to its 13th most extensive Sep-
tember cover. This ranking fell to 46th most 
extensive in October, when EUR and the NH 
ranked in the middle tercile. NH November 
and December SCE fell near the boundary 
of the highest and middle tercile, mainly 
due to above-average SCE in EUR where 
November ranked ninth most extensive and 
December 13th most extensive. Following 
an average snow cover in January, SCE over 
the contiguous United States was fifth most 
extensive in February and below-average 
every other month thereafter in 2021.

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

d. Hydrological cycle
1. SURFACE HUMIDITY—K. M. Willett, D. A. Lavers, M. Bosilovich, and A.J. Simmons
Global mean specific humidity (q) in 2021 was lower compared to 2020, although re-

maining well above the 1991–2020 average in all datasets (+0.07 to +0.18 g kg−1 for qland, 
+0.07 to +0.20 g kg−1 for qocean) except for ERA5, which placed global qland just below average at 
−0.01 g kg−1 (Figs. 2.21a–d). For global mean relative humidity (RH), 2021 was less saturated than 
2020 in all datasets over land (−1.32 to −0.70 %rh) (Figs. 2.21e,f). Both JRA-55 and ERA5 show a 
large difference between 2020 and 2021, placing 2021 as the least saturated year on record (since 
1958 and 1967, respectively) by a large margin (−0.23 %rh and −0.45 %rh, respectively). It was 
the second driest year on record after 2019 in HadISDH. Over oceans, RH remained mixed with 
HadISDH and JRA-55 behaving similarly, placing 2021 RHocean at +0.20 and +0.16 %rh above the 
1991–2020 average, respectively, which is slightly above 2020, while ERA5 dropped below average 
at −0.09 %rh, continuing a short drying trajectory since 2019.

Spatially, missing data regions of HadISDH (Plate 2.1g) over much of northwestern, central, 
and eastern Africa are regions that showed strong negative q anomalies in ERA5, indicating that 
the water vapor content was lower than average (Appendix Fig. A2.8). This might explain the 
discrepancy in global land averages between ERA5 and HadISDH. Central Africa is a key region 
for differences between the reanalyses, with MERRA-2 (Appendix Fig. A2.9) showing strong high 
water vapor content anomalies there and more expansive high water vapor content anomalies 
generally, likely contributing to the MERRA-2 high 2021 qland anomaly. Other discrepancies are 
notable over western Australia where HadISDH shows an isolated suspect highwater vapor content 
anomaly, and over northern Colombia and Venezuela where MERRA-2 shows strong low water 
vapor content anomalies. Over the ocean, MERRA-2 and ERA5 are in good agreement. The Had-
ISDH higher global mean qocean anomaly for 2021 is missing many of the low water vapor content 
anomaly regions of the central eastern Pacific and Southern Hemisphere more generally, the 
former being associated with the La Niña conditions. Positive and negative anomalies are broadly 

Table 2.5. Monthly and annual climatological information on 
NH, EUR, and NA SCE between Nov 1966 and Dec 2021. Included 
are the numbers of years with data used in the calculations, NH 
means, standard deviations, 2021 values, and rankings. Units: 
million km2. 1968, 1969, and 1971 have one, five, and three miss-
ing months respectively, thus are not included in the annual 
(Ann) calculations. NA includes Greenland. Ranks are from most 
to least extensive.

Years 
of data

NH 
Mean

Std. 
Dev.

2021
2021 
NH 

rank

2021 
Eurasia 

rank

2021 
N Am. 
rank

Jan 55 47.1 1.5 46.8 32 36 28

Feb 55 46.0 1.8 46.1 22 42 4

Mar 55 40.4 1.9 38.6 44 42 47

Apr 55 30.5 1.7 28.8 45 40 46

May 55 19.1 2.0 16.2 53 51 45

Jun 54 9.4 2.5 6.2 46 52 42

Jul 52 3.9 1.2 2.8 43 44 39

Aug 53 3.0 0.7 2.5 40 42 30

Sep 53 5.4 0.9 5.6 22 30 13

Oct 54 18.6 2.7 18.1 28 22 46

Nov 56 34.3 2.1 35.4 18 9 44

Dec 56 43.7 1.8 44.5 17 13 26

Ann 52 25.1 0.8 24.3 46 44 41
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similar between RH (Plate 2.1h; Appendix Figs. A2.10, A2.11) and q but with the central Eurasian 
and western North American anomalies more expansive for RHland, and RHocean anomalies more 
muted than those for qocean, qland, and RHland generally.

In terms of long-term trends (Table 2.6), all datasets continue to show long-term increas-
ing water vapor over land and 
ocean (+0.04 to +0.10 g kg−1 
decade−1), while the air over 
land has become less saturated 
(−0.23 to −0.45 %rh decade−1). 
This means that the water vapor 
content of the air has increased 
more slowly than the water va-
por carrying capacity of the air, 
which increases exponentially 
with temperature. The trend 
magnitudes for q are similar 
over land and ocean for each 
dataset. HadISDH and MERRA-2 
show similar larger trends in q 
(+0.09 to +0.10 g kg−1 decade−1, 

Fig. 2.21. 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 ERA5 ocean series-only points over open sea are selected. ERA5 mask is a version of ERA5 that spatially matches the 
coverage of HadISDH. 2-sigma uncertainty is shown for HadISDH capturing the observation, gridbox sampling and spatial 
coverage uncertainty. (Sources: HadISDH [Willett et al. 2013, 2014, 2020]; ERA5 [Hersbach et al. 2020]; JRA-55 [Kobayashi 
et al. 2015]; MERRA-2 [Gelaro et al. 2017].)

Table 2.6. Global average decadal trends for the period 1979–2021 fitted using 
ordinary least squares regression. The 90th percentile confidence intervals 
are shown in parentheses, fitted using AR(1) correction following Santer et 
al. (2008). Trends shown in bold are considered significantly different from a 
zero trend, in which the confidence intervals do not cross the zero line. Units 
are g kg−1 decade−1 for q and %rh decade−1 for RH.

Variable HadISDH ERA5
ERA5 

masked to 
HadISDH

MERRA-2 
(1980–2020)

JRA-55

Land q
0.09  

(0.02)
0.05 

(0.01)
0.07  

(0.01)
0.09  

(0.02)
0.06  
(0.01)

Land RH
−0.23 
(0.08)

−0.45 
(0.06)

−0.44 
 (0.08)

NA
−0.33  
(0.04)

Ocean q
0.09  

(0.01)
0.04 

(0.02)
0.08  

(0.02)
0.10  

(0.02)
0.04  

(0.01)

Ocean RH
−0.03 
(0.04)

−0.18 
(0.08)

−0.18  
(0.07)

NA
−0.04  
(0.02)
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respectively), while ERA5 and JRA-55 show more moderate trends (+0.04 to +0.06 g kg−1 decade−1, 
respectively). While all datasets show a negative trend for RHocean, these trends are small, relatively 
widespread (−0.03 to −0.18 %rh decade−1), and not considered to be significant for HadISDH. We 
conclude that there is large uncertainty in whether there is any real change in RHocean.

Agreement between the monitoring products in terms of both long-term trajectories and year-
to-year variability is generally good (Fig. 2.21), with the exception of RHocean. Greater discrepancy 
over ocean is expected given the sparse observing network available from the Voluntary Observ-
ing Ships (VOS; https://www.vos.noaa.gov/vos_scheme.shtml) that make up the HadISDH record 
and the difference in methodological approaches between datasets. For example, ERA5 does not 
incorporate any in situ near-surface temperature or dew point temperature measurements over 
ocean, whereas HadISDH, MERRA-2, and JRA-55 do. The uncertainty range estimated for HadISDH 
is larger over ocean than over land, reflecting both the larger observational uncertainty since 
2015, when digitized ship metadata provision ended, and larger spatial coverage uncertainty 
compared to over land. For RHland, ERA5 is consistent with JRA-55 whereas for RHocean it is not.  

Despite the good agreement generally over land, the reanalyses have diverged since 2018. ERA5 
masked to the HadISDH spatial coverage differs little from the complete ERA5 anomaly time series 
(dashed lines in Fig. 2.21), especially over the last 30 years. Global trends in the masked versus 
complete ERA5 for q are closer to, but still less than, those from HadISDH (Table 2.6), but practi-
cally identical for RH. Interestingly, masked and complete ERA5 RHland and RHocean anomalies 
are persistently more saturated than HadISDH pre-1990. Simmons et al. (2021) note an increase 
in the number of temperature observations, particularly those sampling different hours of the 
day around between 1988 and 1990; however, it is not clear how this would lead to biases in RH.

2. TOTAL COLUMN WATER VAPOR—C. A. Mears, J. P. Nicolas, O. Bock, S. P. Ho, and X. Zhou
In 2021, global land and ocean averages of total column water vapor (TCWV) were above the 

1991–2020 climatological averages, but were generally lower than the 2015–20 period which 
showed high vapor values. This is not surprising because La Niña conditions, which were present 
for most of the year, have a cooling effect on global surface and tropospheric temperatures, thus 
lowering the water-holding capacity of the global atmosphere. In reanalysis output, where time 
series are available for the entire 1979–2021 period, 2021 was the fourth (MERRA-2, anomaly = 
0.477 kg m−2), seventh (ERA5, anomaly = 0.264 kg m−2), and eighth (JRA55, anomaly = 0.383 kg m−2) 
highest vapor year since 1979. Time series of global averages agree well in all datasets (Fig. 2.22). 
Part of the discrepancy between the Global Navigation Satellite System (GNSS) time series and 
reanalysis over land is due to the limited spatial sampling afforded by the GNSS network. While 
TCWV decreased sharply from 2020 to 2021 globally and over ocean in all the datasets used in 
this assessment, there is substantial spread in the amount of this decrease over land.

The global map of TCWV anomalies from MERRA-2 (presented as percent of annual mean 
values to show extratropical changes more clearly) for 2021 (Plate 2.1i) reveals large low vapor 
anomalies in the eastern South Pacific, with low vapor anomalies close to the equator along a 
northwest–southeast oriented band and high vapor anomalies farther south. This pattern denotes 
the southwest displacement of the South Pacific Convergence Zone (SPCZ) that is typically associ-
ated with La Niña conditions (Brown et al. 2020). Prominent low vapor anomalies also occurred 
over West Antarctica and the adjacent sector of the Southern Ocean. Much of the rest of the globe 
showed wet anomalies, with the largest relative values observed over the Maritime Continent, 
South and East Asia, the northern Pacific, the southwest Atlantic, and eastern Canada, which 
correspond to regions with positive anomalies in surface temperature and lower tropospheric 
temperature (Plates 2.1.a,f). While the 2020/21 and 2021/22 boreal winters were both marked by 
La Niña conditions, the pattern of low vapor in the tropical Pacific along the SPCZ region was 
significantly more pronounced than what has been typically observed during La Niña events 
since 1980, and during the previous La Niña winter in 2017/18 (Fig. 2.23).
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This assessment of global TCWV is based on data from three global reanalysis products: ERA5 
(Hersbach et al. 2020), MERRA-2 (Gelaro et al. 2017), and JRA-55 (Kobayashi et al. 2015), as well 
as measurements made by satellite-borne microwave radiometers over the ocean (RSS Satellite; 
Mears et al. 2018), Global Positioning System–Radio Occultation (GPS-RO) observations from 
the COSMIC, Metop-A, -B, and -C and COSMIC2 satellite missions (satellite RO; Ho et al. 2020a,b, 
2010a,b; Teng et al. 2013; Huang et al. 2013), and from ground-based GNSS stations (Bock 2020). The 
RSS satellite measurements are only available over the ocean, while GNSS stations are generally 
located on land. GPS-RO is available for both land and ocean. All three reanalyses assimilate sat-
ellite microwave radiometer and GPS-RO data and are therefore not fully independent from these 
two datasets. Ground-based GNSS measurements are not assimilated and are thus independent.

Fig. 2.22. Time series of yearly-mean TCWV anomalies (kg m−1) from reanalysis, GPS-RO, GNSS, and satellite radiometers. 
All averages are over latitudes from 60°S to 60°N.
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3. UPPER TROPOSPHERIC 
HUMIDITY—V. O. John, L. Shi, E.-S. Chung, 
R. P. Allan, S. A. Buehler, and B. J. Soden

Upper tropospheric humidity (UTH) 
was slightly below the 1991–2020 average 
in 2021. Figures 2.24a,b show the monthly 
time series of the humidity datasets and 
a difference time series between the 
temperature and water vapor brightness 
temperature measurements in the UT, 
respectively. The large-scale relative hu-
midity in the upper troposphere remains 
roughly constant, as expected from 
theoretical considerations (Ingram 2010); 
however, moistening in terms of the water 
vapor content of the UT is clearly evident 
from the lower panel. Here, there is a posi-
tive trend in the difference between T2 
(brightness temperature of MSU Channel 
2/AMSU-A Channel 5, which is sensitive 
to the UT temperature) and T12 (bright-
ness temperature of HIRS Channel 12, 
which is sensitive to the UT water vapor). 
The trend in T2 and T12 indicates that the 

Fig. 2.23. Maps of TCWV anomalies (%) during La Niña events from the MERRA2 reanalysis. (a) Mean anomaly for the 
previous 12 La Niña seasons (Oct–Jan for 1983, 1984, 1988, 1995, 1998, 1999, 2005, 2007, 2010, 2011, 2017, and 2020). (b) 
Oct–Dec 2021 and (c) Oct–Jan 2020/21 anomalies. The La Niña periods highlighted in (b) and (c) show substantial drying 
south of the equator in the tropical Pacific, a feature less prominent in (d) Oct–Jan 2017/18 and in the composite in (a).

Fig. 2.24. (a) Time series of upper tropospheric humidity anomalies 
(%rh) from three datasets (see text for details). The anomalies are 
computed for area averaged data using the base period 1991–
2020. (b) Difference (K) between the temperature and water vapor 
brightness temperature measurements in the upper troposphere.
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emission level of the HIRS water vapor channel is shifting higher due to an increase in water 
vapor over time, while the emission level of the temperature sounding channel located in the 
60-GHz oxygen absorption band remains unchanged, because the oxygen concentration does 
not change over time (Chung et al. 2016).

Water vapor is the strongest greenhouse gas in the atmosphere. Therefore, monitoring of water 
vapor in the upper troposphere (UT), owing to the cold temperature there, is crucial to determine 
one of the strongest positive feedback factors to the anthropogenic warming of the climate system 
(Coleman and Soden 2021). Three of the four datasets used in this work to monitor changes of 
water vapor in the UT are satellite based: 1) infrared based upper tropospheric humidity (UTH) 
derived from HIRS measurements starting in the late 1970s (Shi and Bates 2011), 2) microwave-
based UTH derived from AMSU-B and MHS measurements starting in the late 1990s (Chung et al. 
2013), and 3) mid-to-upper tropospheric temperature derived from MSU/AMSU-A measurements 
starting in the late 1970s (Zou and Wang 2011). The fourth dataset is relative humidity in the UT 
from the ERA5 reanalysis (Hersbach et al. 2020). 

The agreement among the three UTH datasets is fairly good; the correlations of the HIRS and 
ERA5 data with the microwave data during their common period (1999–2021), are 0.6 and 0.5, 
respectively, despite their differences. For example, satellite data represent a layer average UTH 
with one satellite sampling the same location over Earth only two times a day while ERA5 data 
represent the 400-hPa level RH with hourly sampling. The microwave data have almost all-sky 
sampling while the HIRS data sample have 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). In recent years, the HIRS data behave differently from the other two datasets: the mean 
value of UTH anomaly during 2021 for the HIRS data is 0.08 %rh, while for the microwave and the 
ERA5 data it is −0.15 and −0.18 %rh, respectively. This difference is due to the degradation in the 
quality of recent HIRS instruments (e.g., on board NOAA-19). The HIRS instrument era is slowly 
coming to an end and these instruments will soon be replaced by hyperspectral instruments, 
such as Infrared Atmospheric Sounding Interferometer (IASI). For the last three years (2019–21), 
simulated HIRS data from IASI spectra have been used in the creation of HIRS UTH data.

Plate 2.1j shows the 2021 anomaly map for the microwave UTH data. The patterns of the anoma-
lies relate to large-scale weather conditions, with positive (negative) UTH anomalies associated 
with wetter (drier) conditions at the surface. This is due to the fact that one of the main drivers 
of UTH is convection; therefore, UTH is useful for monitoring changes in large-scale dynamics 
in the atmosphere. Clear La Niña patterns are visible, with positive anomalies over the Maritime 
Continent, India, and parts of Brazil and a strong dry signal in the western equatorial Pacific 
(centered near the data line). Prevailing drought conditions over the western United States are 
also reflected in the anomaly patterns. The patterns also reveal flooding conditions in northern 
Brazil and continued drought conditions over much of southern Brazil, Paraguay, Uruguay, and 
northern Argentina. Drought patterns in parts of the Horn of Africa, including Somalia, and in 
southern Madagascar are also clearly depicted.

4. PRECIPITATION—R. S. Vose, R. Adler, U. Schneider, and X. Yin
Precipitation over global land areas in 2021, as estimated from two different monitoring prod-

ucts, was slightly below the 1991–2020 long-term average (Fig. 2.25a). In particular, the global 
precipitation total anomaly according to the gauge-based product from the Global Precipitation 
Climatology Centre (GPCC; Becker et al. 2013) was −7.55 mm for 2021, and the blended gauge-
satellite product from the Global Precipitation Climatology Project (GPCP; Adler et al. 2018) was 
−5.87 mm. The good agreement between the two products is in contrast to 2020, when GPCC de-
picted less precipitation than average whereas GPCP depicted slightly more than average. Given 
the modest discrepancy in 2020, it is not clear whether the global land surface was wetter in 2021 
compared to 2020. 
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Over the global oceans (Fig. 2.25b), 
the precipitation anomaly was −21.17 
mm, and the global anomaly (Fig. 2.25c) 
was −17.07 mm, according to the GPCP 
product, both of which were substantial 
decreases from the previous year. Overall, 
the GPCP product ranks 2021 as the third-
lowest year for precipitation in both the 
global and ocean records, which begin 
in 1979, after 1991 and 1999, respectively.

In many parts of the world, precipita-
tion anomaly patterns in 2021 were con-
sistent with the ‘typical’ La Niña pattern. 
For example, La Niña is often associated 
with more precipitation than average fall-
ing across southern Asia southeastward 
across the Maritime Continent and into 
the South Pacific Ocean. Northern South 
America and the equatorial Atlantic 
Ocean also tend to have above-average 
precipitation during La Niña. In contrast, 
much of the central Pacific Ocean near 
and south of the equator tends to receive 
much less precipitation than average, as 
do the eastern North Pacific and North 
Atlantic Oceans. However, in 2021 some 
areas exhibited patterns that ran coun-
ter to a ‘canonical’ La Niña event; for 

instance, La Niña usually means additional rainfall to Australia, but the anomaly map for 2021 
shows a mixed pattern with expected abundant rainfall in the southeast and along the northern 
coast, but general dry conditions in the outback. In fact, the global land precipitation being be-
low average is somewhat unusual compared to recent La Niña years when it was above average.

Over global land areas, the largest high precipitation anomalies in 2021 were across northern 
South America and eastern China, and the largest low precipitation anomalies were over central 
America, southeastern South America, the Middle East, southeastern Africa, and northern Aus-
tralia (Plate 2.1k). Over the global oceans, a broad swath of large high precipitation anomalies 
extended from the eastern Indian Ocean to the Maritime Continent and then southeastward across 
the tropical western Pacific Ocean. The equatorial Atlantic Ocean and parts of the equatorial 
Pacific Ocean also received much more precipitation than average, as did part of the Southern 
Ocean near South America. In contrast, large low precipitation anomalies were apparent over much 
of the central Pacific Ocean south of the equator as well as over the western Indian Ocean, and 
to a somewhat lesser extent, over parts of the North Pacific and North Atlantic Oceans. Rainfall 
excesses helped to fuel frequent flood conditions, such as in Indonesia, Malaysia, and surround-
ing countries, as well as in northern South America and eastern Brazil.  The dry anomalies were 
associated with continuing drought conditions over much of the southern half of South America 
and eastern Africa. See also section 2d5 and Chapter 7 for detailed information on region-specific 
extreme precipitation events.

Fig. 2.25. Globally averaged precipitation anomalies (mm yr−1) rela-
tive to the 1991–2020 base period over (a) land areas, (b) ocean 
areas, and (c) the globe. Land and ocean time series were created 
using a proportional land/sea mask at the 1° × 1° resolution scale.
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5. LAND-BASED PRECIPITATION EXTREMES—S. Blenkinsop, M. R. Tye, M. G. Bosilovich, 
M. G. Donat, I. Durre, D. Lavers, A. J. Simmons, and M. Ziese

Overall, 2021 saw above-average frequencies of heavy and very heavy 24-hour precipitation 
(Figs. 2.26c,d) across several large regions but below-average intensities for the most extreme 
events in most areas (Plate 2.1l). Long-term changes in global precipitation extremes are difficult 
to quantify due to the local nature of events and sparse observations. These difficulties, such as 
different observing and reference periods and assessing means vs. totals, explain some of the 
discrepancies between extreme precipitation indices and below-average mean precipitation in 
2021 (section 2d4). Using a combination of observational and reanalysis products, we summarize 
national-scale temporal variability of extreme precipitation indices (Table 2.7; NOAA 2022a).  

Across the contiguous United States, the area experiencing a high proportion of precipitation 
from the highest 10th percentile 1-day events (NOAA Climate Extremes Index component 4; NOAA 
2022b) was substantially above average, at 18.5%, the sixth largest area in the 112-year record 

Fig. 2.26. Anomalies of 2021 indices: (a) Rx5day and (b) R95p (mm) derived from the in situ-based GHCNDEX relative to a 
1961–90 baseline (Donat et al. 2013) and (c) R10mm and (d) R20mm (GPCC) relative to a 1982–2019 baseline.

Table 2.7. Indices used in this section and their definitions. Indices are expressed as anomalies relative to a 
baseline climatology which varies between data products.

Index Name Definition

Rx1day Maximum 1-day precipitation Annual maximum 1-day precipitation amount (mm)

Rx5day Maximum 5-day precipitation Annual maximum consecutive 5-day precipitation amount (mm)

R10mm Heavy precipitation days Count of days where daily precipitation total > 10mm (days)

R20mm Very heavy precipitation days Count of days where daily precipitation total > 20mm (days)

R95p Total precipitation from very wet days
Total precipitation from days where the daily precipitation total exceeds 
the climatological baseline wet day 95th percentile

10th 
Percentile 

1-day

NOAA Climate Extremes Index 
Component 4 (NOAA 2022a)

The percentage area of the United States experiencing extreme 
precipitation on days where the total daily precipitation exceeds the 
historical record (1910–present) baseline wet day 90th percentile, per 
year, winter (DJF), spring (MAM), summer (JJA), or autumn (SON) season
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(Fig. 2.27a), while the same index for the 
autumn season indicated the largest area 
on record (17.4%). GHCNDEX (Donat et al. 
2013; section 2b4) highlights several clus-
ters of positive Rx1day and Rx5day (Fig. 
2.26a; Table 2.7) anomalies in North Amer-
ica. Several storms occurred in California 
(Appendix Table A2.2), partly related to 
the clustering of strong Pacific storms in 
October, including a “bomb cyclone” and 
an exceptional atmospheric river that 
affected California and Oregon coasts 
(NOAA 2021a). Parts of Washington State 
experienced another atmospheric river 
event in mid-November, which caused 
record rainfall in around 20 locations in 
British Columbia (Canada), resulting in 
flooding and landslides (see section 7b1, 
Sidebar 7.1). In August, Hurricane Ida (Cat-
egory 4) was the most significant storm to 
affect the eastern United States during the 
North Atlantic season, moving northeast 
after landfall in Louisiana, breaking the 
hourly observed rainfall record in New 
York City (WMO 2021b; NOAA 2021b). 

Rain gauges from the European Climate 
and Assessment Dataset (Klein Tank et al. 
2002) indicate 2021 was an average year for 
R10mm, R20mm, and Rx5day for Europe, 
but above average for Rx1day (Fig. 2.27b) 
and R95p, the latter ranking 9th and 11th, 
respectively, in the 39-year record. A cut-
off low-pressure system contributed to 
severe flooding in western Germany and 
neighboring countries in mid-July (section 
7f3; ECMWF 2021), with 18 (12) new Rx1day 
(Rx5day) records set in GHCNDEX. The 
24-hour and 48-hour accumulations over 
western Germany were the highest in the 
140-year record (Junghänel et al. 2021) and 
caused severe flooding. A rapid attribution 
study calculated an increased likelihood 
of such 1-day accumulations (factor of 1.2–9) in the region today compared to a 1.2°C cooler climate 
(Else 2021). Positive Rx1day anomalies (GPCC, Plate 2.1l) over Sweden and adjacent areas also saw 
six gauges in GHCNDEX with new records, including the city of Gävle (SMHI 2021).

The GPCC (Schamm et al. 2013) and GHCNDEX data show positive anomalies corresponding to 
a prolonged period of heavy rain in eastern parts of New South Wales, Australia, in late March, 
with some areas recording more than 500 mm of rain in 48 hours (Floodlist 2021b) and more 
than 50 new daily records for March (Bureau of Meteorology 2021a). More than 60 daily records 
were broken for November across New South Wales and Queensland, with widespread flooding 

Fig. 2.27. (a) Annual percentage (%) of the contiguous United 
States with a much-greater-than-normal proportion of pre-
cipitation derived from extreme (highest 10th percentile) 1-day 
precipitation events for the period 1910–2021 (NOAA 2022a). 
The solid red line denotes a smoothed Gaussian filter, and the 
horizontal black line denotes the series mean. Note that meth-
odological changes introduced after 2005 means that this series 
may produce higher values after this date. (b) Median normalized 
rank of annual Rx1day values for Europe. The annual rank of the 
Rx1day value at each gauge relative to its own record is derived 
from the European Climate and Assessment Dataset (Klein Tank 
et al. 2002) and is normalized by gauge length. The median of all 
the gauge normalized ranks is then calculated for each year, with 
low values denoting a higher median rank. Only gauges with at 
least 50 years of data were used to calculate the annual ranking 
statistics, and only years for which at least 5000 gauges returned 
an index value are shown.

Brought to you by UNIVERSITY OF SOUTHAMPTON HIGHFIELD | Unauthenticated | Downloaded 09/21/22 01:59 PM UTC



S592 . G L O BA L  C L I M AT EAU G U S T  2 0 2 2  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 1

(Bureau of Meteorology 2021b,c). Combined, these contributed to considerable positive anomalies 
of R10mm and R20mm (Figs. 2.26c,d).

The datasets examined here are broadly consistent over southeast Asia in showing above-
average frequencies of rainfall extremes, although the GPCC data show below-average intensities 
in Rx1day (Plate 2.1l). Cyclone Seroja produced 15 new monthly records for April over Western 
Australia (Bureau of Meteorology 2021d), after generating significant accumulations over Timor, 
Indonesia, and Singapore (WMO 2021b; Floodlist 2021c). Farther north, Cyclone Surigae brought 
record rainfall to the Philippines (NOAA 2021c) and parts of Cambodia and Vietnam (Floodlist 
2021d,e) in April. An area of positive anomalies over northern and eastern China appears consis-
tent across indices and datasets (Plate 2.1l, Figs. 2.26a–d), reflecting a series of extreme rainfall 
events; Typhoon In-fa generated several days of heavy rain in Henan Province in mid-July. Nearby 
Shanxi and Shaanxi Provinces also saw over 60 gauges reporting record accumulations in Octo-
ber (Floodlist 2021f) as moisture was transported from the South China Sea and Bay of Bengal.

Many areas with significant events in 2021 also have positive anomalies in GHCNDEX R95p (Fig. 
2.26b), showing the important contribution of extremes to total precipitation. In GPCC, R95p also 
shows a strong contribution from extreme events over parts of Brazil and southern Africa. The 
R10mm and R20mm indices for GPCC (Figs. 2.26c,d) and ERA5 (Hersbach et al. 2020) show posi-
tive anomalies over northern Brazil and neighboring nations, associated with prolonged rainfall 
during May and June and again at the end of the year. Above-average Rx1day is also apparent over 
southeastern Brazil, which experienced widespread flooding early in the year (Plate 2.1l). Above-
average R10mm and R20mm frequencies are also evident over several southern African nations 
(Figs. 2.26c,d). Tropical Cyclone Eloise was followed by several weeks of heavy rainfall at the start 
of 2021, with Beira, Mozambique, receiving close to its average total January precipitation in 24 
hours (NOAA 2022c). Prolonged heavy rain in the summer also resulted in above-average values 
over southern Sudan and northern Uganda, contrasting with much of central Africa (Plate 2.1l).

Please refer to Chapter 7 (Regional Climates) for more details about precipitation events around 
the world.

6. CLOUDINESS—C. Phillips and M. J. Foster
The average global cloud fraction, as measured by MODIS Aqua C6.1 (Platnick et al. 2015), was 

67.67% in 2021. This makes 2021 the third-cloudiest year in the 19-year Aqua satellite record, after 
2010 and 2020. La Niña occurred over most of the past three years, though not all years with similar 
Niño-3.4 index values were associated with such positive cloud anomalies. Being a single satellite 
in a sun-synchronous orbit, MODIS Aqua data is limited to two global observations per day. Terra 
MODIS might have been included to add better representation, but electronics issues beginning 
in October 2020 forced degradation of the cloud products, so it must be omitted (Platnick 2022). 
Prior to those issues, the Terra global cloud anomaly had excellent correlation with Aqua, so single 
day and night observations seem to be sufficient. The annual anomalies for CERES-Aqua-MODIS 
(Trepte et al. 2010; Minnis et al. 2008), PATMOS-x v6.0 (Heidinger et al. 2013), MISR (Di Girolamo 
et al. 2010), CLARA-A2.1 (Karlsson et al. 2017, 2020, 2021), and PATMOD (MODIS Aqua processed 
with PATMOS-x cloud algorithms, unpublished) have been included for comparison; however, 
they have differed from MODIS Aqua C6.1 significantly in recent years (Fig. 2.28). For the sake of 
simplicity, the following analysis will focus on MODIS Aqua C6.1. 

This MODIS record exhibits a small increasing trend in global cloudiness since the record began 
in 2003. The main positive contributing regions are the poles and the tropics, which are partially 
offset by negative trends in the subtropics and midlatitudes (Fig. 2.29). This trend makes especially 
cloudy years like 2021 more likely, though the rank for 2021 is unchanged in the detrended data.

Plate 2.1m shows a map of the average cloudiness anomaly in 2021. Naturally, regional anoma-
lies are much larger than global anomalies, frequently on the order of 5%. The pattern of increased 
cloudiness in the western Pacific and reduced cloudiness in the central Pacific is common during 
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La Niña conditions, resulting from the 
invigoration of convection over high sea 
surface temperatures (SST) and suppres-
sion of convection over cool SSTs. Con-
versely, other cloud regimes like the ma-
rine stratocumulus of the eastern Pacific 
can exhibit an inverse relationship, with 
lower SSTs correlated with more cloudi-
ness (Loeb et al. 2018b). Note the opposite 
signs of cloud and SST anomalies in the 
eastern Pacific contrasted with aligned 
signs in the western Pacific (Plate 2.1a). 

In addition to the typical La Niña pat-
tern in the Pacific in 2021, several regions 
experienced their highest percentage of 
cloudiness in the record, notably the In-
dian subcontinent, the Canadian Arctic, 
and part of East Antarctica. All of these 
locations were also anomalously cloudy in 2020. On the other hand, the southeast Atlantic near 
the coast of Africa has had a negative anomaly since 2018 and had a record minimum in 2021. 
While these regional anomalies are not the largest values seen in Plate 2.1m, they are highlighted 
here after inspecting their time series and considering their z-score (standard deviations from 
the mean) to ensure that they were truly cloud fraction outliers in 2021.

Fig. 2.29. (a) Zonal mean cloud fraction anomaly (%) from MODIS Aqua C6.1 with 20 latitude bands partitioned to have 
approximately equal area. Monthly anomalies are relative to the mean of all identical months between 1 Jul 2002 and 
31 Jan 2022. Individual bands were detrended with trends computed using the complete years from 2003 through 2021. 
The detrended anomaly was then smoothed by a 6-month centered rolling mean filter. The smoothed detrended global 
anomaly is superimposed for reference as a black line, detached from any y-axis. (b) The extracted trends in cloud fraction 
(% decade−1, aligned gray bars) for the period 2003–21 and the global mean trend (vertical dotted black line).

Fig. 2.28. Global average cloud fraction anomaly (%) relative to the 
2003–21 reference period. PATMOS-x v6.0 anomalies were com-
puted by backfitting a grid of joint seasonal-diurnal cloudiness 
models for all satellites simultaneously and taking the smoothed 
residual. 
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Clouds reduce both net infrared (IR) emission and solar absorption, and many factors influence 
the relative balance that determines the sign of the overall cloud radiative effect (section 2f1). The 
presented regional anomaly in total cloud fraction best describes the solar absorption component, 
e.g., positive cloud fraction anomalies suggest negative solar absorption anomalies. Calculating 
the change in full radiative balance would require information, such as independently estimating 
the changes in height-partitioned cloud fraction, which is difficult with passive satellite observa-
tions, due to obscuration from higher clouds. Direct observations of the radiation budget at the 
top-of-atmosphere are examined in section 2f1.

7. RIVER DISCHARGE AND RUNOFF—H. Kim and D. Tokuda
For five years consecutive years (since 2017), global average runoff has been greater than the 

1981–2010 average. Runoff in 2021 was the 11th greatest (~84th percentile) in the 64-year record 
dating to 1958. It was slightly less than the 2020 average, which had the third greatest runoff 
(~97th percentile; Fig. 2.30); however, there were significant differences in global distributions 
of runoff (Plate 2.1n) and discharge (Plate 2.1o) anomalies compared to those of 2020. 

Rivers in northern South America, such as the Amazon and Orinoco, experienced a strong 
wet phase of above-average discharge, after a relatively dry phase (below-average discharge) 
the previous year. In the Amazon, such a shift was particularly notable in the Rio Negro and 
Rio Solimoes, while Rio Madeira and Rio Tapajos have stayed drier than the 1981–2010 reference 
period. In Africa, the Nile has shifted into a dry phase, while the Congo, Niger, and Zambezi 
have stayed in the same phase as 2020. Northern North America had less water than in 2020, 
and the midwest and northeastern United States became drier than average, leading to less 
discharge. Northern Europe and western Siberian regions were drier than in 2020. Discharge in 
many European rivers, including the Dnieper, Don, Loire, Northern Dvina, Rhone, Rhine, Seine, 
and Volga, was below average. However, it is worth nothing that, in spite of the below-normal 
annual discharge, there was a devastating flood disaster in Europe, including the Ahr Valley, a 
tributary of Rhine River, in July 2021. The Danube discharged more freshwater into the Black Sea 
than usual. Compared to the prior year, most regions in Asia did not show noticeable changes 
except for southern China (e.g., the vicinity of the Pearl River), Indochina (e.g., the Mekong and 
Chao Phraya) and the Indus River region, where those regions experienced severe drought and 
thus had less discharge.

Fig. 2.30. Interannual variability of the Oceanic Niño Index (ONI; lower, °C), the Pacific Decadal Oscillation (PDO; upper, 
°C), and global runoff (middle; mm; thick line is 12-month moving average). The ONI and PDO are shaded red (positive 
phase) or blue (negative phase). Shading above and below the zero-line of global runoff is proportional to the PDO and 
ONI, respectively.
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Runoff is a local residue of the water budget to be integrated along pathways turning into 
discharge, which is the most important freshwater resource to humanity. The El-Niño Southern 
Oscillation (ENSO) and Pacific Decadal Oscillation (PDO; Zhang et al. 1997) are well-known factors 
that influence global freshwater discharge (e.g., Kim and Tokuda 2020, 2021). Figure 2.30 depicts 
the long-term fluctuation of the total runoff and those climate modes. Positive and negative phases 
of ENSO and PDO correspond to drier and wetter conditions of global freshwater discharge, with 
ENSO and PDO accounting for around 47% of the total variance. The interannual variability and 
climatology of freshwater discharge into the major oceans are shown in Fig. 2.31 for the Pacific, 
Atlantic, Arctic, and Indian basins, where they receive 85% of global freshwater discharge, of 
which the drainage area reaches 75% of the total land surface area. The Pacific Ocean has re-
ceived an increasing amount of freshwater discharge during the last two decades, reaching a 
record maximum in 2021, with above-average discharge throughout the entire year. Freshwater 
discharge into the Atlantic Ocean remained in a positive phase due to an anomalously large 
discharge during boreal summer (June–September). The Arctic Ocean received less discharge in 
2021, and its month-to-month variability was near-average; however, there is an increasing trend 
present over the entire analysis period beginning in 1958. An increasing trend is also found in the 

Fig. 2.31. (a–d, left panels) Interannual variability of freshwater discharge (km3 yr−1) to global ocean basins. The black line 
and vertical shaded boxes indicate the annual mean and monthly anomaly, respectively. (a–d, right panels) Seasonality of 
freshwater discharge (km3 yr−1) to global ocean basins. The thick black line, thin blue line, and gray shade indicate long-
term climatology, seasonal variation during 2021, and 1 std. dev. of long-term variability, respectively.
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Indian Ocean, but it is weaker and shorter, beginning around 1990. The Indian Ocean received 
slightly less discharge on average in 2021, with a less-than-normal amount occurring during the 
first wet season of the year. 

The time series of natural variability-only estimates of global runoff and discharge were 
generated using global off-line hydrologic simulations by the Ensemble Land State Estimator 
(ELSE; Kim et al. 2009) on a 1° grid and a large-scale river routing and flood inundation model 
Catchment-based Macro-scale Floodplain (CaMa-Flood; Yamazaki et al. 2011) on a 30-minute 
drainage direction map (DDM30; Döll and Lehner 2002). The World Ocean Atlas 2018 (Garcia et 
al. 2019) was used to separate the freshwater discharge into each oceanic basin. The atmospheric 
boundary conditions were created based on the Japanese global atmospheric reanalysis (JRA-55; 
Kobayashi et al. 2015), and the Global Precipitation Climatology Centre (GPCC) Monitoring Product 
version 2020 (Schneider et al. 2020) was used to adjust bias in the reanalysis precipitation field.

8. GROUNDWATER AND TERRESTRIAL WATER STORAGE—M. Rodell and D. Wiese
Changes in terrestrial water storage (TWS), which is the sum of groundwater, soil moisture, 

surface water, snow, and ice, have been measured on regional to global scales by the Gravity 
Recovery and Climate Experiment (GRACE) and GRACE Follow On (GRACE-FO) satellite missions 
on a monthly basis since 2002 (Tapley et al. 2004; Landerer et al. 2020). Interannual changes tend 
to be dominated by snow and ice at high latitudes and in alpine regions, by surface water in the 
wet tropics, and by groundwater elsewhere (Getirana et al. 2017). 

Plate 2.1p displays observed changes in mean annual TWS between 2021 and 2020 as equiva-
lent heights of water in cm. Changes in TWS were mixed across Eurasia. Most of western Europe 
continued to recover from the 2019 drought, while Scandinavia in the north dried (lost TWS) 
after a wet 2020. Copious rain increased TWS in southern India, where it was already elevated 
at the start of the year. To the east, the Indochina peninsula recovered from drought, receiving 
abundant rainfall from Typhoon Surigae (see section 4g5). Northeastern China also gained water, 
while drought afflicted areas south and west of the Caspian Sea. In Australia, TWS increased 
along the northern and southeastern coasts. Droughts in Africa caused TWS decreases in Angola 
and Madagascar, while TWS increased rapidly in Zimbabwe and adjacent areas at the start of 
2021, including a 2-m increase in the level 
of Lake Kariba. In North America, TWS 
declines extended from southern Califor-
nia into southern Canada, regions where 
drought conditions prevailed, and across 
to the Great Lakes region, where declines 
exceeded 12 cm equivalent height of wa-
ter in some parts. However, TWS in the 
center of the continent (including the 
Great Lakes region) had been elevated 
since 2019, when record flooding oc-
curred, and the decrease in 2021 was 
largely a return to more typical condi-
tions. Northern South America gained a 
massive amount of water, with increases 
exceeding 12 cm over a large area, but 
TWS declined in southern Brazil. Time 
series of zonal mean and global mean 
monthly TWS anomalies, after removing 
the seasonal cycle, are plotted in Figs. 
2.32 and 2.33, respectively. TWS declines 

Fig. 2.32. Zonal means of terrestrial water storage anomalies, 
excluding those in Antarctica, Greenland, the gulf coast of Alaska, 
and polar islands, in cm equivalent height of water, based on 
gravity observations from GRACE and GRACE-FO. The anomalies 
are relative to a 2003–20 base period.
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in Antarctica, Greenland, the Gulf Coast 
of Alaska, and polar islands are attrib-
uted to ice sheet and glacier ablation as 
opposed to meteorological variations, so 
those regions were excluded from the cal-
culations for Figs. 2.32 and 2.33. However, 
the effects of additional high latitude 
ice mass losses remain. The large TWS 
increase, seen straddling the equator in 
Fig. 2.32, corresponds to the massive wet 
anomaly in northern South America. The 
TWS decline just south of 30°N is due 
almost entirely to long-term groundwater 
depletion in northern India (Rodell et al. 
2018), exacerbated by a drought just east 
of that area in 2021 (section 2d10). The 

TWS decline near 40°N mainly reflects drought across the western and central United States, 
drought stretching from Turkey to the Caspian Sea (including water level declines in that sea), 
and long-term groundwater depletion associated with agricultural irrigation in the North China 
Plain (Rodell et al. 2018). Droughts in southern Brazil and Angola caused the TWS decline near 
15°S. Overall, global-scale TWS variability in 2021 was muted compared with past years (Plate 
2.1p). Owing to the scarcity of in situ TWS measurement records, we relied on TWS data derived 
from GRACE and GRACE-FO satellite observations of Earth’s time-varying gravity field. Uncer-
tainty in the derived TWS anomalies is heterogeneous, but as a point of reference, uncertainty 
in monthly TWS anomalies is typically around 1–2 cm equivalent height of water at 500,000 km2 
and larger scales (Wiese et al. 2016).

9. SOIL MOISTURE—R. van der Schalie, W. Preimesberger, P. Stradiotti, M. van der Vliet, L. Mösinger, 
N. J. Rodríguez-Fernández, R. Madelon, S. Hahn, M. Hirschi, R. Kidd, R. A. M. de Jeu, and W. A. Dorigo

Soil moisture plays a key role in land–
atmosphere interaction due to its defining 
effect on boundary conditions for energy 
and water fluxes (Seneviratne et al. 2010). 
In 2021, global satellite-observed soil 
moisture recorded wetter-than-usual 
conditions (Fig. 2.34). Note that wetter/
drier within this section refers to higher/
lower soil moisture volumes in the first 
centimeters of the soil as compared to the 
1991–2020 reference period. The discrep-
ancy between NH and SH, as recorded 
in 2020 (van der Schalie et al. 2021), was 
strongly reduced, with NH continuing to 
be wetter-than-usual and SH observing 
near-neutral conditions. Given that North 
America and central Asia experienced dry 
conditions, the wet conditions in Europe, 
eastern Asia, and the Indian subcontinent 
more than compensated for that in the 
NH average. For the SH, widespread dry 

Fig. 2.33. Global average terrestrial water storage anomalies from 
GRACE (gray) and GRACE-FO (black), in cm equivalent height of 
water, relative to a 2003–20 base period.

Fig. 2.34. Time series of global (black), NH (blue), and SH (red) 
monthly surface soil moisture anomalies for the period 1991–2021 
(upper, m3 m−3; 1991–2020 base period) and the valid retrievals 
as a percentage of total global land surface (lower, %). Data are 
masked where no retrieval is possible or where the quality is 
not assured and flagged due to dense vegetation, frozen soil, 
radio frequency interference, and so forth. (Source: ESA CCI Soil 
Moisture.)
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conditions in central to southern South 
America are balanced out by wet anoma-
lies seen in other regions.

These findings are clearly shown in 
Fig. 2.35, where NH and equatorial lati-
tudes show positive anomalies since early 
2020. South of 15°S in the SH, consistent 
negative anomalies have been present 
since at least 2018, moving closer to 
neutral conditions in 2021. More detailed 
maps of the spatial distribution are shown 
in Plate 2.1o (average for 2021) and Appen-
dix Fig. A2.12 (monthly). 

Linked to the La Niña conditions in 
winter, part of North America (Mexico) 
started the year with mostly negative 
anomalies (Appendix Fig. A2.12). These 
negative anomalies expanded northward 
to the western and central United States 
and Canada during the first four months 
of the year. The dry conditions in the 

Canadian Prairies and Montana intensified during an extreme heatwave that occurred in June 
and July (Philip et al. 2021; section 2b4). The wetter-than-normal autumn that followed eased the 
anomalies, resulting in close-to-normal conditions at the end of the year. The southeastern United 
States recorded a widespread positive anomaly over 2021, caused by above-normal precipitation 
(NOAA 2022e; section 2d4). 

In 2021, the southern half of South America mostly saw a continuation (van der Schalie et al. 
2021) of drier-than-normal soil moisture conditions. These conditions were linked to the drought 
in the La Plata basin covering Uruguay, Bolivia, Paraguay, northeastern Argentina, and southern 
Brazil (Naumann et al. 2021). Southern regions in Argentina, e.g., Patagonia and surrounding 
areas, also experienced drier-than-normal soil moisture conditions. In northern South America, 
Venezuela, and Colombia experienced wetter-than-normal conditions throughout 2021, while in 
northeastern Brazil and northern Chile the positive anomalies were linked to heavy rain in the 
last three months of the year (sections 2d4, 7d).

Overall, Europe had wet soil moisture conditions, which were most intense in the western 
coastal and central-north areas and around the Black Sea region (contrasting with negative 
anomalies along the southern coast of the Black Sea and in the Middle East in April/May). The 
positive anomalies align with heavy rainfall and flooding throughout Europe during the summer 
(sections 2d5, 7f). Scandinavia and southern Spain were the only regions that recorded an overall 
drier-than-normal status for 2021.

The drought in the northern coastal regions of Africa, e.g., Morocco and Tunisia, were re-
flected in the widespread drier-than-normal soil moisture conditions. Western Africa and the 
Sahel started 2021 with above-average conditions, which later became drier-than-normal due to 
drought. Southern Chad and Sudan experienced wet conditions, caused by heavy rains during 
the summer. Eastern Africa had both positive anomalies (linked to widespread flooding in inland 
regions like South Sudan) and negative anomalies (regions experiencing droughts like Somalia 
and Kenya). Southern Africa had a clear split between below-average soil moisture conditions in 
Angola, Namibia, south Madagascar and southwest South Africa and above-average conditions in 
Botswana and northeast South Africa. This seems to align better with the precipitation extremes 
(section 2d5) and terrestrial water storage (section 2d8) than general precipitation anomalies 

Fig. 2.35. Time–latitude diagram of monthly surface soil moisture 
anomalies (m3 m−3; 1991–2020 base period). Data are masked 
where no retrieval is possible or where the quality is not assured 
and flagged due to dense vegetation, frozen soil, radio frequency 
interference, and so forth. (Source: ESA CCI Soil Moisture.)
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(section 2d4). In late 2021, drier-than-usual conditions were present in Madagascar and Tanzania, 
following wetter-than-usual conditions at the beginning of the year.

In Russia, Siberia and surrounding regions experienced low rainfall and high temperatures 
that continued below-average soil moisture conditions overall. These negative anomalies were 
widespread throughout much of central Asia, with countries like Kazakhstan, Kyrgyzstan, Turk-
menistan, and Uzbekistan experiencing drought events. For Siberia, this was a continuation of 
2020 conditions. India, Thailand, Mongolia, and large parts of China observed positive anomalies, 
caused by above-average precipitation (section 2d4). Northeastern China and southern India are 
particularly noteworthy, as they recorded the highest wet anomalies globally of 2021, linked to 
the second highest rainfall totals since 1961 in parts of China (Li et al. 2022) and highest recorded 
November rainfall since 1901 in southern India (IMD 2022).

The wetting trend in Australia continued in 2021, partly related to La Niña, with most regions 
recording average or above-average soil moisture levels. The most intense positive anomaly was 
detected over New South Wales, which coincides with the above-average rainfall in that region 
(section 2d4). New Zealand generally saw average soil moisture conditions. 

The soil moisture anomalies (representing the top ~5 cm of the soil) used in this analysis were 
derived from the COMBINED product of ESA’s Climate Change Initiative for Soil Moisture v06.2 
(https://climate.esa.int/en/projects/soil-moisture/; Dorigo et al. 2017), a merged product based on 
multiple active (Wagner et al. 2013) and passive microwave (van der Schalie et al. 2017) sensors. 
Merging is done based on both the quality and the temporal and spatial availability of observa-
tions (Gruber et al. 2017, 2019).

10. MONITORING GLOBAL DROUGHT USING THE SELF-CALIBRATING PALMER 
DROUGHT SEVERITY INDEX—J. Barichivich, T. J. Osborn, I. Harris, G. van der Schrier, and P. D. Jones

The ongoing increase in global drought area, based on different severities of the self-calibrating 
Palmer Drought Severity Index (scPDSI), that began in mid-2019 (Barichivich et al. 2020) reached 
a new historical peak around August 2021 (Fig. 2.36), surpassing the previous high peak in Octo-
ber 2020 (Barichivich et al. 2021). Around 
5.9% of the global land area experienced 
extreme drought conditions in September 
2021, matching the earlier historical peak 
in October 1984. The extent of severe 
plus extreme drought conditions in 2021 
peaked at 17% of the global land area in 
July and August, surpassing the earlier 
historical peak of this drought severity in 
December 2002 (16.6%). Similarly, moder-
ate or worse drought conditions peaked 
in August at 32% of the global land area, 
surpassing the earlier historical peak in 
November 2002 (31.6%). 

The most extensive severe-to-extreme 
drought conditions in 2021 occurred 
across most of South America and west-
ern North America (Plate 2.1r), whereas the most extensive severe-to-extreme drought conditions 
in 2020 had been in Europe (Barichivich et al. 2021). Widespread drought in South America was 
mostly due to an intensification of previous drought (Fig. 2.37), leading to the expansion and 
intensification of earlier drought hotspots in central Chile and the Chaco region in northern Ar-
gentina (Barichivich et al. 2021). The ongoing protracted drought in central Chile reached its 12th 
consecutive year in 2021, becoming the longest drought in the historical record in the region. In 

Fig. 2.36. Percentage of global land area (excluding ice sheets and 
deserts) with scPDSI levels of less than −2, −3, and −4, indicating 
moderate, severe, and extreme drought, respectively, for each 
month of 1950–2021.
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North America, the intensification and 
expansion of drought through most of 
the western and formerly wetter central 
United States in 2021 (Fig. 2.37) weakened 
the east–west moisture contrast observed 
across the country since 2017 (Plate 2.1r). 
Under these persistent drought condi-
tions, California saw another extreme 
season of wildfires (section 2h3), which 
was intensified by La Niña conditions.

Previous extensive severe-to-extreme 
drought across central Europe eased to 
moderate drought in 2021 (Fig. 2.37). Wet 
conditions in northern Europe from the 
British Isles to Scandinavia and western 
Russia continued through 2021 (Plate 
2.1r). In northern Africa, previous drought 
conditions intensified along the Mediter-
ranean coast. Most of tropical Africa saw 

a continuation of wet conditions from 2019 (Plate 2.1r), though changes in moisture anomalies 
in this region are uncertain due to the sparse coverage of meteorological station data. Persistent 
severe-to-extreme drought conditions in southern Africa since 2018 continued through 2021 but 
eased slightly compared to 2020 (Fig. 2.37). 

In Australia, previous drought eased, but most of the country continued under drought condi-
tions during 2021 (Plate 2.1r). In contrast, the Maritime Continent (Southeast Asia) experienced 
wet conditions, and previous drought in region eased, particularly across Vietnam. A large 
stretch along northeastern Siberia and the Far East region of Russia saw an intensification and 
expansion of severe drought along with extreme heat (Plate 2.1r), which led to unprecedented 
wildfires. Most of the Middle East from Turkey to Pakistan saw an intensification of drought to 
moderate-to-severe conditions.

Hydrological drought results from a period of abnormally low precipitation, sometimes exac-
erbated by a concurrent increase in evapotranspiration (ET). Its occurrence can be apparent in 
reduced river discharge, soil moisture, and/or groundwater storage, depending on season and 
duration of the event. Here, a simple estimate of drought called the self-calibrating Palmer Drought 
Severity Index (Wells et al. 2004; van der Schrier et al. 2013) is presented, using global precipita-
tion and Penman-Monteith Potential ET from an early update of the CRU TS 4.06 dataset (Harris 
et al. 2020). Moisture categories are calibrated over the complete 1901–2021 period to ensure that 
“extreme” drought and pluvial (wet periods) relate to events that do not occur more frequently 
than in approximately 2% of the months. This calibration affects direct comparison with other 
hydrological cycle variables in Plate 2.1r that use a different baseline period.

This year’s update is based on an extensively revised dataset that incorporates new estimates of 
some variables in CRU TS4.06 compared with CRU TS4.05 used in the report on 2020 (Barichivich 
et al. 2021). The revisions affect both precipitation (via an improved baseline climatology) and 
potential ET (all input variables are affected by the improved baseline climatology, and cloud 
cover is further modified by a new method for estimating it from diurnal temperature range). 
These revisions modify the scPDSI drought index values throughout, including during the mid-
1980s period of extensive drought, which has a reduction in the extent of drought compared to 
that previously estimated.

Fig. 2.37. Change in drought categories from 2020 to 2021 (mean 
scPDSI for 2021 minus mean scPDSI for 2020). Increases in drought 
severity are indicated by negative values (brown), decreases by 
positive values (blue). No calculation is made where a drought 
index is meaningless (gray areas: ice sheets or deserts with ap-
proximately zero mean precipitation).
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11. LAND EVAPORATION—D. G. Miralles, A. Koppa, Q. Gou, D. Rains, P. Hulsman, H. E. Beck, 
and M. F. McCabe 

In 2021, most regions experienced positive anomalies (more evaporation than normal), relative 
to the 30-year reference period (1991–2020), as illustrated in Plate 2.1s. Unusually high values were 
experienced in southeast Asia and India, eastern Australia, Amazonia, and the Congo rainfor-
est. Some of these anomalies related to higher-than-normal radiation and temperatures (section 
2b1). In Amazonia, the high evaporation also reflects above-average rainfall in 2021 (Espinoza 
et al. 2022; section 2d4); precipitation in rainforests can enhance evaporation via interception 
loss, i.e., the intense vaporization of water from wet vegetation canopies (van Dijk et al. 2015). In 
eastern Australia, positive evaporation anomalies mostly were in response to the exceptionally 
wet autumn in 2021, which caused floods during the month of March (Reid et al. 2021; section 
2d4). On the other side of the spectrum, anomalously low evaporation was recorded in Angola 
and across the Horn of Africa, in the Mato Grosso and Caatinga regions in Brazil, in western 
North America, and in the Middle East. These negative anomalies in water-limited regions are 
mostly related to below-normal rainfall 
(Orimoloye et al. 2022; section 2d4). In the 
Horn of Africa, the negative evaporation 
anomalies relate to a multi-year drought 
(sections 2d10, 7e4).

The globally averaged land evapora-
tion in 2021 was above the 1991–2020 
mean, but slightly below the positive 
1980–2021 trend (Fig. 2.38). This long-
term trend of +0.76 mm yr–1 falls within 
the high-end of the values previously 
published in the literature (Y.-Q. Zhang 
et al. 2016; Brutsaert et al. 2017; Anabalón 
and Sharma 2017), although this value 
is still substantially lower than the lat-
est estimates of +2.30 mm yr–1 based 
on gravimetric remote sensing for the 
period 2003–19 (Pascolini-Campbell 
et al. 2021). The overall positive global 
evaporation anomaly in 2021 resulted 
from mean positive anomalies in both 
hemispheres (Fig. 2.38), which persisted 
at most latitudes throughout the entire 
year (Fig. 2.39). The positive anomalies 
in Southern Hemisphere mean evapora-
tion—that were also reflected in the glob-
al means—are a characteristic signature 
of La Niña conditions (Miralles et al. 2014; 
Martens et al. 2018), such as those that 
prevailed during 2020 and 2021 (see SOI 
in Fig. 2.38). This ENSO-induced variabil-
ity in evaporation is superimposed upon 
the long-term trend, which is attributed 
to increasing global temperatures (Mi-
ralles et al. 2014) and terrestrial greening 
(Cheng et al. 2017).

Fig. 2.38. Land evaporation anomaly (mm yr−1; 1991–2020 base 
period) for the NH, SH, 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. (Source: GLEAM.)

Fig. 2.39. Zonal mean terrestrial evaporation anomalies 
(mm month−1; relative to 1991–2020 base period). (Source: 
GLEAM.)
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The evaporation data that serve as the basis for these results come from version 3.6 of the 
Global Land Evaporation Amsterdam Model (GLEAM; Miralles et al. 2011). GLEAM v3.6 is based 
on microwave observations (of surface soil moisture, vegetation optical depth, and snow water 
equivalent), a precipitation dataset produced by blending gauge, satellite, and reanalysis sources 
(Beck et al. 2019), and a new bias-corrected, reanalysis-based product as atmospheric forcing 
(Beck et al. 2022). The accuracy of GLEAM v3 has been reported to be in the order of 0.7 mm 
day–1 (unbiased root mean square error), and its correlation against in situ eddy-covariance mea-
surements is around 0.8 on average (Martens et al. 2017). While the ability to routinely monitor 
evaporation dynamics is critical for agriculture and water management, as well as to diagnose 
climate changes, global evaporation datasets (such as GLEAM v3.6) are still subject to model as-
sumptions and uncertainties derived from parameterizations. In particular, the accuracy of the 
reported long-term trends is affected by the indirect representation of the influence of CO2 and 
atmospheric aridity on stomatal conductance (Martens et al. 2017). 

e. Atmospheric circulation
1. MEAN SEA LEVEL PRESSURE AND RELATED MODES OF VARIABILITY—B. Noll, 

D. Fereday, and N. Fedaeff
Global climate variability is influenced by the El Niño-Southern Oscillation (ENSO; indicated 

in the atmosphere by the Southern Oscillation Index [SOI]), as well as hemispheric-specific modes 
such as the Arctic Oscillation (AO), the North Atlantic Oscillation (NAO) and the Pacific/North 
America (PNA) pattern in the Northern Hemisphere (NH), and the Southern Annular Mode (SAM), 
also known as the Antarctic Oscillation (AAO), in the Southern Hemisphere (SH; see Kaplan 2011 
for more details).

In 2021, La Niña conditions were present from January to May and then again from August 
through the end of the year, according to monthly Niño-3.4 SST anomalies (see also section 4b). 
The atmospheric response to La Niña was characterized by SOI values that were predominantly 
positive through the year. During July, a negative Indian Ocean dipole (IOD) event became estab-
lished, in association with above-normal ocean temperatures in the tropical eastern Indian Ocean 
and cooler conditions relative to normal in the west (see section 4f). The development of an IOD 
event is correlated with ENSO by way of variations in the Walker Circulation (Behera et al. 2006). 
The overlying atmospheric pattern was dominated by the sinking branch of the Walker Circulation 
over the central and eastern Pacific and stronger-than-normal rising branch over Australia, the 
Maritime Continent, and the eastern Indian Ocean. These large-scale patterns influenced global 
atmospheric circulation patterns during the year.

In the NH, the PNA was on average negative in 2021, consistent with La Niña conditions (Yeh 
et al. 2018; Plate 2.1r). The principal large-scale circulation features occurred in the 2020/21 and 
2021/22 winters. January and February 2021 saw a negative NAO, following a January sudden 
stratospheric warming (SSW; Figs. 2.40a,c). In SSW events, which occur in around 60% of boreal 
winters (Rao et al. 2019), the stratospheric polar vortex is disrupted by planetary-scale tropospheric 
waves. These waves may have been amplified in winter 2020/21 by reduced Arctic sea ice and a 
deepened Aleutian Low (Lu et al. 2021). In the weeks following SSW, the signal descends, often 
leading to the negative AO/NAO phase (Baldwin and Dunkerton 2001). The 2021 SSW followed 
this pattern (Figs. 2.40a,c), with the negative NAO in February possibly driven by the Madden-
Julian Oscillation (MJO; Cassou 2008; Lockwood et al. 2022). Cold February conditions in northern 
Eurasia and eastern North America were a typical response to the negative AO/NAO. 

By contrast, the winter 2021/22 stratospheric polar vortex was stronger than average (Fig. 2.40b). 
A strong vortex favors a positive NAO (Baldwin and Dunkerton 2001); although the December 
NAO was overall negative (Fig. 2.40d), the late-winter NAO was positive, consistent with the 
strong vortex. These contrasting winters (Figs. 2.40e,f) highlight some of the NAO drivers that 
vary interannually, reinforcing or counteracting each other (Scaife et al. 2014).

Brought to you by UNIVERSITY OF SOUTHAMPTON HIGHFIELD | Unauthenticated | Downloaded 09/21/22 01:59 PM UTC



S702 . G L O BA L  C L I M AT EAU G U S T  2 0 2 2  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 1

The SH featured a positive SAM during 73% of the year in 2021 (Fig. 2.41e). This was the fourth-
highest percentage (and highest SAM index, section 2e3) since 1979. Accordingly, a broad area of 
higher-than-normal air pressure extended from east of New Zealand, across the South Pacific, 
and into southern Chile and Argentina (Figs. 2.41a–d). This was associated with New Zealand’s 
warmest year on record, during which northerly quarter winds (315°W to 45°E) frequently affected 
the country, drawing down warmth from the tropics and contributing to a marine heatwave event 
in its coastal waters (NIWA 2021). Conversely, and as is consistent with the positive phase of the 
SAM, air pressure was lower than normal around much of Antarctica and the Southern Ocean 
(Figs. 2.41a–d). This was also linked to a stronger-than-normal stratospheric polar vortex above 
the South Pole, which contributed to very cold temperatures and the fifth-largest Antarctic sea 
ice extent for the month of August on record (NOAA 2021; see section 6e). Pressures were slightly 
lower than normal over Australia, as influenced by the combined effect of the IOD and La Niña 
teleconnection (Figs. 2.41a–d). 2021 was Australia’s coolest year since 2012 and wettest since 2016, 
which resulted in a recharge of water storage following drought events from 2017 to 2019 (Bureau 
of Meteorology 2022; see also section 7h4).

Fig. 2.40. Circulation differences between 2020/21 and 2021⁄22 boreal winters. (a),(b) Time–height cross section of zonal 
mean zonal wind anomalies (m s−1) at 60°N (Met Office analysis). (c),(d) Daily North Atlantic Oscillation (NAO) index 
(Azores minus Iceland MSLP, hPa) anomaly, 1981–2010 base period (NCEP reanalysis). (e),(f) DJF mean MSLP anomaly (hPa), 
1981–2010 base period (ERA5 reanalysis). 
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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, and T. R. McVicar

After about eight years of weak positive (near zero) anomalies in observed land surface winds 
(i.e., ~10 m above the ground), negative anomalies (with respect to the 1991–2020 climatology; 
Table 2.8) were recorded in the Northern Hemisphere (−0.028 m s−1) in 2021, primarily in east-
ern North America (−0.063 m s−1) and western Europe (−0.095 m s−1). These exceptionally low 
winds, for example, in areas of the United Kingdom (Plate 2.1u), have not occurred in East Asia 
(+0.045 m s−1), central Asia (+0.080 m s−1), or South America (+0.080 m s−1). Overall, the stilling 
(Roderick et al. 2007) observed before the 2010s (McVicar et al. 2012) ceased in the last decade, 
with a weak reversal or stabilization of surface winds globally (Zeng et al. 2019) and regionally 
(Minola et al. 2022; Fig. 2.42a). Two thresholds of wind intensities (i.e., > 3 m s−1 and > 10 m s−1) show 
an opposite trend behavior with no trends (or even positive ones) for moderate winds (> 3 m s−1; 
Fig. 2.42c) and moderate slowdowns for strong winds speeds (> 10 m s−1; Fig. 2.42d), e.g., in South 

Fig. 2.41. Southern Hemisphere circulation in 2021. Seasonal mean MSLP anomalies (hPa) for (a) DJF 2020/21, (b) MAM 
2021, (c) JJA 2021, and (d) SON 2021, 1981–2010 base period (ERA5 reanalysis). (e) Daily AAO index time series (NOAA CPC).
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America (Azorin-Molina et al. 2021; Zhang 
et al. 2021).

This annual land surface wind report 
for 1979–2021 is based on 1) global in situ 
anemometer observations from the Had-
ISD3 dataset (1973–2021; Dunn et al. 2012, 
2016, 2019) and 2) two gridded reanalysis 
products: ERA5 (1979–2021; Hersbach 
et al. 2020) and MERRA-2 (1980–2021; Ge-
laro et al. 2017). Compared to in situ obser-
vations, the magnitudes of the anomalies 
from the reanalyses are smaller and do 
not reproduce their multidecadal vari-
ability (Fig. 2.42b; Torralba et al. 2017; 
Ramon et al. 2019; Wohland et al. 2019); 
observations are the basis for quantifying 
wind changes. 

Over most land regions, the last 43 
years (1979–2021) have seen a declining 
long-term trend (Northern Hemisphere: 
−0.059 m s−1 decade−1; Table 2.8). This 
stilling has ceased or even reversed since 
the ~2010s, but winds are not yet back up 
to 1979 levels, so on average a long-term 
decline in global land wind speeds is still 
observed. South America, however, has 
experienced a positive trend (though with 
many fewer stations). Despite the lack of 
land-based observations in the Southern 
Hemisphere, both in situ and ERA5 data 
in Fig. 2.43 support this interhemispheric 
asymmetry of wind speed changes, also 

projected for the twenty-first century (Deng et al. 2022; Yu et al. 2022), such as a dominance of 
decreases across midlatitude regions of the Northern Hemisphere and weak increases in the 
Southern Hemisphere (e.g., parts of Antarctica and the Southern Ocean). 

Table 2.8. Northern Hemisphere (20°–70°N) and regional statistics for land sur-
face wind speed (m s−1) using the observational HadISD3 dataset for the period 
1979–2021.

Region
Mean 

1991–2020 
(m s−1)

Anomaly 
2021  

(m s−1)

Trend 1979–2021  
(m s−1 decade−1) and 
5th–95th percentile  

confidence range

Number of 
stations

Northern 
Hemisphere

3.309 −0.028 −0.059 (−0.073 to 0.044) 2886

North America 3.639 −0.063 −0.073 (−0.089 to 0.055) 853

Europe 3.652 −0.095 −0.052 (−0.073 to 0.034) 933

Central Asia 2.737 +0.080 −0.077 (−0.123 to 0.048) 304

East Asia 2.717 +0.045 −0.031 (−0.046 to 0.017) 534

South America 3.451 +0.080 +0.051 (−0.032 to 0.069) 101

Fig. 2.42. Northern Hemisphere (20°–70°N) and regional annual 
time series of land surface wind speed anomaly (m s–1; 1991–2020 
base period) using (a) HadISD3 (1973–2021) observational dataset 
and (b) ERA5 (1979–2021) and MERRA-2 (1980–2021) reanalyses. 
HadISD3 occurrence frequencies (% yr−1) for wind speeds (c) 
> 3 m s−1 and (d) > 10 m s−1.
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The assessment of ocean surface 
winds for 1988–2021 was conducted us-
ing ERA5 reanalysis and satellite-based 
products including the Special Sensor 
Microwave/Imager (SSM/I), the Special 
Sensor Microwave Imager/Sounder 
(SSMIS), the Advanced Microwave Scan-
ning Radiometer (AMSRE and AMSR2), 
TMI, GMI, WindSat, QuikSCAT, and AS-
CAT (Wentz 1997; Wentz et al. 2007, 2015; 
Ricciardulli and Wentz 2015; Ricciardulli 
and Manaster 2021). In 2021, positive 
anomalies were recorded by satellite 
radiometers (RSS: +0.078 m s−1), slight-
ly larger than satellite scatterometers 
(ASCAT: +0.041 m s−1) and reanalysis 
(ERA5: +0.030 m s−1) (Fig. 2.44). The most 

prominent positive anomalies were recorded over the Southern Ocean, specifically in the South 
Pacific (> +1.2 m s−1) associated with a positive SAM phase, along with the equatorial Pacific 
Ocean, Gulf of Alaska, and Bering Sea (Plate 2.1u). This agrees with previous studies (e.g., Deng 
et al. 2022), which report a strengthening and shifting poleward of Southern Hemisphere west-
erlies. In contrast, large negative anomalies occurred in the North Atlantic, equatorial Atlantic, 
and Indian Oceans. Changes in ocean surface winds show a dominance of negative trends for 
1988–2021, especially in the Indian and West Pacific Oceans (Fig. 2.43). Positive trends prevail in 
the Southern Ocean, the Pacific trade winds, the Bering Sea, and near the coastlines (e.g., North 
America; Young and Ribal 2019).

Studies investigating the trends and variability of surface winds demonstrated that the primary 
driver is exerted by internal decadal ocean–atmosphere oscillations (Zeng et al. 2019; Zhou et 
al. 2021), as modulated by changes in the temperature gradient (Zhang et al. 2021) induced by 
anthropogenic greenhouse gas forcings (Deng et al. 2021, 2022). Regionally and locally, land-use 
changes (Minola et al. 2022) and/or instrumentation issues (Azorin-Molina et al. 2018; Safaei 
Pirooz et al. 2020) have an impact on wind changes. Recent studies predict an interhemispheric 
asymmetry of future wind speed changes due to the reduction in Hadley, Ferrel, and Polar cells 
over the Northern Hemisphere and the strengthening of the Hadley cell over the Southern Hemi-
sphere (Zha et al. 2021). 

Fig. 2.43. Wind speed trends (m s−1 decade−1) from (a) ERA5 reanalysis output over land/ice and Remote Sensing Systems 
(RSS) satellite radiometers (SSM/I, SSMIS, TMI, GMI, AMSR2, ASMR-E, and WindSat) over ocean (shaded areas) for the 
period 1988–2021 and (b) the observational HadISD3 dataset over land (circles) for the period 1979–2021.

Fig. 2.44. Annual anomalies of global mean wind speed (m s−1; 
1991–2020 base period) over the ocean from satellite radiometers 
and scatterometers, MERRA-2, and ERA5.
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3. UPPER AIR WINDS—L. Haimberger, M. Mayer, and V. Schenzinger
The 2021 global mean wind speed 

anomaly at 850 hPa was about 0.1 m 
s−1 above the 1991–2020 climatology 
(Fig. 2.45a). The neutral or positive long-
term wind trends at 850 hPa in the NH 
(40°–60°N) extratropics and in the 
global mean are now more consistent 
with surface winds (section 2e2), where 
the wind stilling reported in past an-
nual reports has ceased or even reversed 
(section 2e2). As 2021 was the year with 
the highest Southern Annular Mode 
(SAM) index (average 0.8, estimated 
from NOAA monthly data) since 1979, we 
show the 70°–50°S average zonal wind 
time series in (Fig. 2.45b). The correla-
tion coefficient between the AAO index 
and the 70°–50°S zonal mean 850-hPa 
wind speed on monthly timescales, 
calculated for 1979–2021, is 0.9. Thus, it 
is not surprising that the annual mean 
wind speed anomaly in this latitude belt 
was clearly positive in 2021, with maxima 
in autumn (not shown). Consistent with 
climate model predictions (Lee et al. 2019) there has been a notable increase in wind speed in 
this latitude belt, with highly significant trends 1991–2021 between 0.16 and 0.22 m s−1 decade−1. 
Large positive zonal wind speed anomalies occur at 850 hPa over nearly all longitudes of the 
Southern Ocean (Plate 2.1v). 

As in previous years, we consider large-scale anomalies in upper air winds through the ve-
locity potential (χ) and divergent winds at 200 hPa. This diagnostic is particularly sensitive to 
changes in tropical convective activity and associated changes to the Walker Circulation. The 
most prominent seasonal anomalies of the velocity potential in 2021 were present during boreal 
autumn (SON), with negative χ anomalies centered over the Indo-Pacific Warm Pool and positive 
χ anomalies extending from the central tropical Pacific into the northern subtropical Atlantic. 
The negative anomaly is consistent with strengthened convective activity arising from increased 
SSTs in the eastern Indian Ocean (associated with weakly negative Indian Ocean dipole condi-
tions during August–November; see section 4f) and in the western tropical Pacific (associated 
with moderate La Niña conditions; see sections 2e1, 4b). Moreover, a few weak Madden-Julian 
Oscillation (Madden and Julian 1971) events were observed over the Maritime Continent during 
SON 2021 (see section 4c), which contributed additionally to convective activity in that region. The 
positive χ anomalies over the eastern tropical Pacific as well as westerly anomalies of 200-hPa 
divergent wind in the western equatorial Pacific are consistent with below-average SSTs in this 
region (La Niña). Interestingly, the center of the positive χ anomaly, as well as the convergence 
of 200-hPa winds, extended well into the western subtropical Atlantic. Anomalies in the χ field 
have been used to link tropical cyclone activity with large-scale tropical climate anomalies (e.g., 
Wood et al. 2020; Bell and Chelliah 2006). However, despite the strong χ anomaly pattern, tropi-
cal cyclone activity during the 2021 season was close to climatology in all Northern Hemisphere 
basins in terms of accumulated cyclone energy (ACE; see section 4g); only named storms in the 
Atlantic basin were 50% above average. 

Fig. 2.45. Annual anomalies of (a) global mean, (b) 50°–70°S belt 
zonal mean wind speed (m s−1; 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−1 decade−1 for the period 1991–2020. ERA-Interim 
time series ends in 2019.
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The availability of wind observations 
from the Aeolus instrument has been 
shown to constrain the uncertainties of 
notoriously difficult upper level diver-
gence patterns and tropical weather fore-
cast errors on short timescales (Rennie et 
al. 2021; Martin et al. 2021). Since those 
data will be used in future reanalyses 
(ERA5 does not yet assimilate Aeolus 
data), we looked at systematic impacts on 
seasonal means of winds and divergence 
to assess the potential for temporal dis-
continuities in these datasets. The root-
mean square (rms) difference between 
velocity potentials from ECMWF assimi-
lation experiments with/without Aeolus 
reaches only 2% of the rms value of the 
anomaly diagnostic in Fig. 2.46. Similar 

analysis of upper tropospheric zonal mean cross-equatorial velocity and divergence showed only 
negligible systematic differences, although on shorter time scales (sub-monthly) differences can 
become considerable. Overall these results suggest that Aeolus data are not expected to intro-
duce major spurious shifts at their advent on seasonal and longer time scales, at least not in the 
quantities considered here. 

After its latest disruption in 2020, the behavior of the quasi-biennial oscillation (QBO) in 2021 can 
be characterized as typical, comparable, for example, with 1958, 1981, 2009, and 2014. The west-
erly phase was at its strongest at 50 hPa in April, with a speed of 12.8 m s−1. The following easterly 
phase, that has persisted above 15 hPa since April 2019, reached −36.8 m s−1 in October at the 20 
hPa level, which is stronger than average, but not exceptional. This phase descended at a rate of 
about 0.61 km month−1, which is close to the long term (60-year) average (−0.66 ± 0.75 km month−1). 

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 radiation 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.

An analysis of CERES TOA ERB measurements (Table 2.9) shows that the global annual mean 
OLR and RSW decreased by 0.65 W m−2 and 0.10 W m−2 in 2021, relative to 2020 (rounded to nearest 
0.05 W m−2). In contrast, the global annual mean TSI and net radiation increased by 0.05 W m−2 

and 0.80 W m−2, over the same period. Figure 2.47 shows regional annual mean maps of the dif-
ference between 2021 and 2020 in TOA OLR and TOA RSW. The largest reductions in OLR and 
increases in RSW are seen over the tropical western Pacific Ocean, Philippines, Indonesia, and 
New Guinea. Negative OLR and positive RSW differences also occur over the eastern Pacific 
Ocean, off the coast of Peru. The largest increases in OLR and decreases in RSW are observed in 
the tropical western Indian Ocean. These regional changes are associated with ENSO oscillation 
in the tropics as La Niña conditions persisted throughout much of 2021. Relative to the multiyear 
average from 2001 to 2020, the 2021 global annual mean TOA flux anomalies are +0.05, 0.0, −0.75, 
and +0.70 W m−2 for OLR, TSI, RSW, and total net flux (Table 2.9). These anomalies are within 
their respective 2-sigma interannual variability (Table 2.9) for this period.

Fig. 2.46. Anomalous velocity potential (× 106 m2 s−1) and diver-
gence winds (arrows, m s−1) in SON 2021 from ERA5 (1991–2020 
climatology) at 200 hPa. Stippling denotes anomalies exceeding 
1.65σ of the temporal standard deviation of seasonally averaged 
velocity potential anomalies.
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Throughout 2021, the global monthly 
mean TOA OLR anomaly varied between 
positive and negative values (Fig. 2.48). 
OLR anomalies peaked at +0.7 W m−2 
in February, but otherwise fluctuated 
between ±0.5 W m−2 the rest of the year. 
These results are consistent with NOAA 
HIRS (Lee and NOAA CDR Program 2011) 
and NASA AIRS (Susskind et al. 2012) 
OLR datasets (not shown). For the year 
as a whole, the 2021 global annual mean 
TOA OLR anomaly was +0.05 W m−2. The 
global monthly mean TOA absorbed so-
lar radiation (ASR, determined from TSI 
minus RSW) anomaly remained positive 
throughout 2021, peaking at +1.4 W m−2 
in June. For the year as a whole, the 2021 
global annual mean TOA ASR anomaly 
was +0.75 W m−2. The global monthly 
mean TOA total net anomaly, which is 
calculated from ASR anomaly minus OLR 
anomaly, also stayed positive throughout 
2021, topping out at +1.8 W m−2 in June. 
For the year as a whole, the 2021 global 
annual mean TOA total net anomaly was 
+0.70 W m−2. The Earth energy imbalance 
(EEI) that had been observed prior to 2020 
grew even larger during 2021, so that 
the doubling in observed EEI between 
2005 and 2019 from both CERES and in 

situ observations (Loeb et al. 2021) continued to substantially increase, primarily because of an 
increase in ASR radiation. It should be noted that a 21-year trend is not necessarily indicative 
of a longer-term trend. At this timescale, internal variability in the climate system can offset or 
augment any forced, longer-term trend in net radiation.

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 

Table 2.9. Global annual mean TOA radiative flux changes between 2020 and 2021, the 2021 global 
annual mean radiative flux anomalies relative to their corresponding 2001–20 mean climatological 
values, and the 2-sigma interannual variabilities of the 2001–20 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.

One-Year Change 
(2021 minus 2020) 

(W m−2)

2021 Anomaly  
(Relative to Climatology) 

(W m−2)

Climatological Mean 
(2001−20)  

(W m−2)

Interannual Variability 
(2001−20)  

(W m−2)

OLR −0.65 +0.05 240.25 ±0.65

TSI +0.05 0.00 340.00 ±0.15

RSW −0.10 −0.75 99.00 ±0.95

ASR +0.15 +0.75 241.00 ±0.90

Net +0.80 +0.70 0.80 ±0.80

Fig. 2.47. Annual average TOA flux differences between 2021 and 
2020 for (a) outgoing longwave radiation (OLR) and (b) reflected 
shortwave (RSW) radiation (W m−2). The annual mean maps for 
2021 were derived after adjusting Dec 2021 FLASHFlux v4A using 
the difference between EBAF and FF v4A in 2020.

Brought to you by UNIVERSITY OF SOUTHAMPTON HIGHFIELD | Unauthenticated | Downloaded 09/21/22 01:59 PM UTC



S772 . G L O BA L  C L I M AT EAU G U S T  2 0 2 2  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 1

of Belgium composite dataset (Dewitte et al. 2004), and the Total Solar and Spectral Irradiance 
Sensor-1 (TSIS-1, Coddington, 2017) mission, all renormalized to the SORCE Version 15. The TOA 
RSW and TOA OLR data, which are constructed with measurements from the CERES instruments 
(Wielicki et al. 1996, 1998) aboard Terra and Aqua spacecraft, are based on the CERES EBAF 
(Energy Balanced and Filled) Ed4.1 product (Loeb et al. 2009, 2012, 2018a) for March 2000–No-
vember 2021 and the CERES Fast Longwave and Shortwave Radiative Fluxes (FLASHFlux) version 
4A product (Kratz et al. 2014) for December 2021. The FLASHFlux to EBAF data normalization 
procedure (Stackhouse et al. 2016) results in 2-sigma monthly uncertainties of ±0.30, ±0.04, ±0.18, 
and ±0.48 W m−2 for the OLR, TSI, RSW, and total net radiation, respectively. 

2. MAUNA LOA APPARENT TRANSMISSION—J. A. Augustine, K. O. Lantz, H. Telg, J.-P. Vernier, 
and M. Todt

One of the longest records in the atmospheric sciences is the apparent atmospheric transmis-
sion at the Mauna Loa Observatory on Hawaii, which dates to 1958. Atmospheric transmission 
describes the fraction of solar radiation impinging at the top-of-atmosphere that is transmitted 
vertically to the surface. Because of its high altitude (3397 m a.s.l.), transmission at Mauna Loa is 
primarily affected by stratospheric aerosols, although tropospheric effects occur when dust from 
springtime storms in Asia pass over the island (Bodhaine et al. 1981). Since Mauna Loa is located 
near 20°N latitude, its transmission primarily reflects events in the Northern Hemisphere and is 
relatively uninfluenced by those in the Southern Hemisphere. 

The updated time series of apparent transmission at Mauna Loa through 2021 is presented in 
Fig. 2.49. Recent trends show a gradual reduction in late 2017 and early 2018, caused by pyro-
cumulonimbus in Canada, and the June 2019 eruption of Raikoke in the Kuril Islands, ~800 km 
northeast of Japan. In 2020, transmission stabilized at a low level that was maintained by the 
eruption of Taal in the Philippines in January, remnants of Raikoke, and California wildfires 
(Augustine et al. 2020, 2021). 

The inset of Fig. 2.49 shows the new data for 2021. The annual average of 0.925 is 0.009 lower 
than the background. The transmission held steady in early 2021 from the relatively low levels of 

Fig. 2.48. Time series of global monthly mean deseasonalized anomalies (W m−2) of TOA Earth radiation budget for out-
going longwave radiation (OLR; upper), absorbed solar radiation (ASR, determined from TSI-RSW; middle), and total net 
(TSI-RSW-OLR; lower) from Mar 2000 to Dec 2021. Anomalies are relative to their calendar month climatology (2001–20). 
Time series shows the CERES EBAF Ed4.1 1° data (Mar 2000–Nov 2021) in red and the CERES FLASHFlux version 4A data 
(Dec 2021) in blue; see text for merging procedure (Sources: https: //ceres-tool.larc.nasa.gov/ord-tool / jsp/EBAF41Selection.
jsp and https: //ceres-tool.larc.nasa.gov/ord-tool / jsp/FLASH_TISASelection.jsp.)

Brought to you by UNIVERSITY OF SOUTHAMPTON HIGHFIELD | Unauthenticated | Downloaded 09/21/22 01:59 PM UTC



S782 . G L O BA L  C L I M AT EAU G U S T  2 0 2 2  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 1

the previous year. Significant aerosol activity began on 15 March with the largest sandstorm in 
the Gobi Desert since 2010, lofting dust up to 8 km (Gui et al. 2021). HYSPLIT trajectory analysis 
shows that dust plumes reached Mauna Loa in seven days. Volcanoes La Soufriere (Caribbean 
Island of St. Vincent) and Fukutoku-Okanoba (25 m below sea level, ~60 km south of Iwo Jima) 
erupted explosively during 9–12 April and 13 August, respectively. Fukutoku-Okanoba’s plume 
extended only to the lower boundary of the stratosphere, and trajectory analysis revealed its 
plume never reached Mauna Loa. 

La Soufriere erupted at least 20 times on four consecutive days. Its plume was observed as 
high as 20 km by MISR, well into the lower stratosphere (LS), and HYSPLIT trajectory analysis 
showed that it reached Mauna Loa one month later. CALIPSO detected a strong signal between 
21 and 23 km in mid-August between the equator and 35°N. Lidar observations on Mauna Loa 
detected a large signal just above 21 km on 20 August, and SAGE tracked that same signal in the 
stratosphere through October. Balloon-borne aerosol concentration measurements in Kansas 
(United States) in August and later in France detected high aerosol concentrations at 20–21 km. 
Similar observations in Boulder, Colorado, show near-normal concentrations in the LS through 
mid-April, followed by elevated values between 15 and 19 km through the end of the year, albeit 
decreasing a bit in December. It also shows a small peak near 21 km in early October. Together, 
these observations strongly suggest that La Soufriere’s plume circled the globe in the LS for the 
remainder of 2021. 

Extensive pyro cumulonimbus activity occurred in the western United States and Canada in 
July and August. These events were associated with the drought and heat wave over the affected 
regions at that time (sections 2b4, Sidebar 7.1); however, CALIPSO and HYSPLIT analyses show 
the smoke plumes initially traveled northward and remained north of 30°N, well displaced from 
Mauna Loa. 

Apparent transmission is calculated from the ratio of direct-normal pyrheliometer measure-
ments at two solar elevations, following Ellis and Pueschel (1971). An average of three successive 
ratios, from morning pyrheliometer measurements made at 2, 3, 4, and 5 atmospheric pathlengths, 
is considered representative for the day. While any of these ratios are mathematically equivalent 
to a vertical transmission, variability at the longer pathlengths render the calculation an “ap-
parent” transmission. Only morning data are used because upslope afternoon winds often carry 
sea level aerosols to the summit. 

Fig. 2.49. Apparent transmission at Mauna Loa, Hawaii, from 1958 through 2021. Red dots are monthly averages of morn-
ing apparent transmission, the gray curve in the full time series plot is a LOWESS fit with a six-month smoother applied, 
and the horizontal dashed gray line is the average transmission for the clean period before the volcanic eruption of Mount 
Agung. Insert is an enlargement of the newest data for 2021.
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Sidebar 2.1: Lightning —M. FÜLLEKRUG, E. WILLIAMS, C. PRICE, S. GOODMAN, R. HOLZWORTH, 
K. VIRTS, AND D. BUECHLER

The World Meteorological Organiza-
tion (WMO) recently declared lightning 
flashes to be an essential climate vari-
able (ECV), based on a recommendation 
by the Task Team on Lightning Observa-
tion for Climate Applications (TT-LOCA) 
as part of the Atmospheric Observation 
Panel for Climate (AOPC) of the WMO 
and the Global Climate Observing 
System (GCOS; Aich et al. 2018; WMO 
2019a). This endorsement reinforces the 
WMO Integrated Global Observing Sys-
tem (WIGOS) Vision 2040 (WMO 2019b) 
toward the operational observation of 
lightning by space agencies during the 
coming decades. 

Lightning flashes are generated by 
thunderstorms, which develop when 
hot and humid air destabilizes the 
atmosphere and enables deep convec-
tion. As a result, the lightning ECV is 
grouped with other ECVs describing the 
atmosphere (Bojinski et al. 2014) which 
are closely related to thunderstorm de-
velopment, such as the Earth radiation 
budget, upper-air temperature, water 
vapor, wind speed, and cloud proper-
ties (see sections 2f1, 2b1, 2b5, 2d2, 
2e2, and 2d6). The lightning ECV is also 
related to ECVs that impact atmospheric 
composition, such as lightning NOx and 
cloud condensation nuclei (see sections 
2g3 and 2g6).

Lightning is a natural hazard associ-
ated with the severe weather impacts 
of thunderstorms including high wind 
speeds with falling trees and branches, 
intense precipitation causing flooding, 
large hail affecting transport vehicles 
and crops, and cloud-to-ground light-
ning which can lead to casualties, ignite wildland fires, and 
cause significant damage to infrastructure, such as power lines 
(Cooper and Holle 2019; Holle 2016). Lightning has significant 
societal implications for public safety (Holle et al. 1999), 

power distribution (Piantini 2020), aviation (Ryley et al. 2020), 
and wildfires (Holzworth et al. 2021). Wildfires can increase 
convective instability for pyrocumulus to develop (Rudlosky 
et al. 2020; Liu et al. 2021; Augustine et al. 2021). Lightning is 

Fig. SB2.1. Lightning observations from space. (a) Global distribution of lightning 
flash rate density (fl km−2 yr−1) for the period of record 1995–2021 from NASA’s 
low earth orbit lightning imagers OTD (Optical Transient Detector, May 1995–Apr 
2000), TRMM LIS (Lightning Imaging Sensor, Jan 1998–Dec 2014) and ISS LIS (Feb 
2017–Dec 2021). Global lightning is dominant over the continental tropical belt. 
(b) Monthly (solid black) and annual (blue) mean lightning flash rates (fl s−1) ob-
served by the TRMM and ISS LIS instruments within the ±38° latitudinal coverage 
of the TRMM orbit. The black dotted line is the combined mean monthly global 
flash rate (41.2 fl s−1). The mean monthly flash rate varies from ~24 to 57 fl s−1. 
The seasonal variations are due to the annual cycle of lightning activity linked to 
the larger land area of the Northern Hemisphere. (Source: Courtesy of the NASA 
Lightning Imaging Sensor Science Team.)
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closely linked to precipitation formation (Piepgrass et al. 1982; 
Petersen and Rutledge 1998), upper tropospheric water vapor 
concentrations (Price and Asfur 2006), and the ice providing 
for cirrus formation (Kent et al. 1995), allowing lightning to 
act as a proxy measure for some of these difficult-to-quantify 
meteorological parameters.

Lightning is currently monitored with lightning imagers 
on satellites (Christian et al. 2003; Blakeslee et al. 2020) and 
by commercial ground-based lightning detection networks 
based on radio wave detection (e.g., DiGangi et al. 2021; 
Said et al. 2010; Virts et al. 2013). The global climatology of 
lightning, based on satellite optical observations, is shown in 
Fig. SB2.1a (Christian et al. 2003; Goodman and Christian 1993; 
Blakeslee et al. 2020; Rudlosky and Virts 2020). The global 
lightning climatology follows solar insolation with a longitudinal 
migration that corresponds to a diurnal temperature variation 
(Price 1993) and a latitudinal migration that corresponds to an 
annual temperature variation (Christian et al. 2003; Williams 
2020). The strong continental dominance of lightning has origins 
in both thermodynamics (Williams and Stanfield 2002a) and in 
aerosol-modulated cloud physics (Rosenfeld et al. 2008; Stolz 
et al. 2015). Their relative contributions are currently in debate, 
where the strong continental dominance of cloud condensation 
nuclei (CCN) is recognized (Williams et al. 2002b). 

Satellite measurements and global lightning detection 
networks have not been operational long enough to detect 
substantial long-term changes in lightning activity (Fig. SB2.1b; 
Williams et al. 2019). Therefore, scien-
tific studies use alternative methods 
over longer time scales to address 
climate questions. The thunder day is a 
WMO observation that has been carried 
out for more than a century in many 
countries (Brooks 1925) and represents 
a 24-hour day, for which thunder was 
heard at official national meteorologi-
cal stations. Evidence has accrued that 
thunder days have been increasing over 
the last century, specifically at high 
latitudes (Kitagawa et al. 1989; Williams 
2009; Pinto et al. 2013; Lavigne et al. 
2019). Significant increases in thun-
derstorm activity over Africa since the 
1990s have been detected using climate 
proxy data from reanalysis (Harel and 
Price 2020). 

The declaration of the WMO elevates lightning flashes to a 
climate quantity due to its importance in climate change. It is 
generally agreed that lightning activity increases as the climate 
warms (Williams 1992, 1994; Price and Rind 1994; Romps 
et al. 2014), based on both considerations of the Clausius-
Clapeyron relation and on the empirical evidence that CAPE 
increases with temperature in global climate models (Del Genio 
et al. 2007). The evidence for lightning increases in the Arctic 
(Holzworth et al. 2021), where the annually averaged Arctic 
near-surface air temperature increased by 3.1°C from 1971 to 
2019, i.e., three times faster than the global average (AMAP 
2021), which is consistent with a thermodynamic influence on 
lightning Fig. SB2.2. Global aerosols may decline as alternative 
energy sources and the reliance on fossil fuels are considered, as 
exemplified during the COVID-19 lockdown, such that the reduc-
tion of aerosols may diminish lightning via cloud microphysics 
(Stolz et al. 2015; Williams et al. 2002b). Lightning flashes also 
serve as a diagnostic for key manifestations of climate variability 
associated with deep convection. Examples include climate 
induced severe local convective storms accompanied by extraor-
dinary lightning  (Zipser et al. 2006; Holzworth et al. 2019; Virts 
and Goodman 2020; Peterson et al. 2022), the El Niño-Southern 
Oscillation (Goodman et al. 2000; Chronis et al. 2008; Satori et 
al. 2009; Williams et al. 2021), the Madden Julian Oscillation 
(Anyamba et al. 2000), planetary waves (Grandt 1992; Satori 
et al. 2009), and warming in the Arctic (Bieniek et al. 2020; 
Holzworth et al. 2021; Chen et al. 2021; Finney 2021).

Fig. SB2.2. Arctic lightning densities (strokes km−2 yr−1) recorded by the World 
Wide Lightning Location Network (WWLLN) and averaged over Jun–Aug during 
the years 2010–14, 2015–20, and 2021. The lightning flash densities increased 
during 2015–20 compared to 2010–14. In 2021, northern Europe and much of 
northern Russia continued to experience higher overall lightning densities. East-
ern Russia and northern North America generally experienced less lightning than 
the 2015–20 period.
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g. Atmospheric composition
1. LONG-LIVED GREENHOUSE GASES—X. Lan, B. D. Hall, G. Dutton, J. Mühle, J. W. Elkins, and I. J. Vimont
Atmospheric burdens of many greenhouse gases, especially the long-lived greenhouse gases 

(LLGHGs) carbon dioxide (CO2), methane 
(CH4), and nitrous oxide (N2O), have been 
increasing significantly since the indus-
trial revolution, mainly as a result of 
human activity. The 2021 growth of atmo-
spheric CH4 reached another record high 
since systematic measurement started in 
1983, while annual growth of CO2 was the 
fifth highest since 1958 and N2O was the 
third highest since 2001. 

Carbon dioxide is the most important 
and prevalent anthropogenic GHG. In 
2021, the annually averaged atmospheric 
CO2 abundance at Mauna Loa Obser-
vatory (MLO) reached 416.5 ± 0.1 ppm 
(parts per million by moles in dry air; 1-σ 
uncertainties). Globally averaged CO2, 
derived from remote marine boundary 
layer measurements, was 414.7 ± 0.1 ppm 
in 2021 (Fig. 2.50a; www.gml.noaa.gov/
ccgg/trends). This is 49% above the at-
mospheric pre-industrial abundance of 
CO2 of ~278 ppm, based on air extracted 
from ice in Greenland and Antarctica 
(Etheridge et al. 1996). Annual growth in 
global mean CO2 has risen steadily from 
0.6 ± 0.1 ppm yr−1 in the early 1960s to an 
average of 2.4 ppm yr−1 during the last 
decade, 2011–20 (Fig. 2.50a). The annual 
increase in global mean CO2 in 2021 was 
2.6 ± 0.1 ppm (Table 2.10), the fifth highest 
since the accurate measurements started 
in 1958. 

The main driver of increasing atmo-
spheric CO2 is fossil fuel (FF) burning, 

Lightning is a major source of NOx in the atmosphere 
(Gordillo-Vázquez et al. 2019; Schumann and Huntrieser 2007; 
Price et al. 1997), which contributes to climate change in a feed-
back loop (IPCC 2021). In particular, lightning NOx is a precursor 
to tropospheric ozone formation which is a greenhouse gas and 
also a designated ECV. The climate assessment of lightning 
needs to differentiate lightning occurrence frequencies against 
the effects of natural and man-made aerosol (Thornton et al. 
2017; Wang et al. 2018; Williams 2020), which is also an ECV. 

Lightning is becoming more important as a natural hazard, 
due to increasing vulnerability of critical infrastructures, such as 
electrical power grid and communications, and the growth in 
global population and associated lightning casualties, primar-
ily in developing countries. Even if lightning activity remained 
constant in the future, its societal impact will increase dramati-
cally. If lightning also increases with climate change, this impact 
may worsen.

Fig. 2.50. Global mean dry-air surface mole fractions (approxi-
mately weekly data in black, left axis) and annual change (red, 
right axis) of (a) CO2 (ppm), (b) CH4 (ppb), and (c) N2O (ppb) derived 
from the NOAA Global Greenhouse Gases Reference Network. 
Deseasonalized trend curves (see Dlugokencky et al. 1994b for 
methods) are shown in blue. N2O data prior to 2001 are too sparse 
to allow robust estimates of annual growth rates.
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Table 2.10. Summary table of long-lived greenhouse gases for 2021 (CO2 mole fractions are in ppm, N2O and CH4 in ppb, and 
all others in ppt). 

Industrial  
Designation or  
Common Name

Chemical  
Formula

AGGI
Radiative Efficiency 

(W m−2 ppb−1)a
Radiative Forcing  

(W m−2)

Mean surface mole  
fraction, 2021 

(change from 2020)b

Lifetime  
(years)

Carbon Dioxide CO2 Y 1.37 × 10−5 2.08 414.7 (2.3) —

Methane CH4 Y 3.63 × 10−4 0.52 1895.8 (16.7) 9.1

Nitrous Oxide N2O Y 3.00 × 10−3 0.20 334.2 (1.2)c 123

Chlorofluorocarbons

CFC-11 CCl3F Y 0.26 0.059 222.2 (−1.8)c 52

CFC-12 CCl2F2 Y 0.32 0.161 493.9 (−3.2)c 102

CFC-113 CCl2FCClF2 Y 0.30 0.021 68.5 (−0.5)c 93

Hydrochlorofluorocarbons

HCFC-22 CHClF2 Y 0.21 0.052 248.9 (1.1) 11.9

HCFC-141b CH3CCl2F Y 0.16 0.004 24.6 (0.01) 9.4

HCFC-142b CH3CClF2 Y 0.19 0.004 21.5 (−0.2) 18

Hydrofluorocarbons

HFC-134a CH2FCF3 Y 0.16 0.017 118.9 (5.8) 14

HFC-152a CH3CHF2 Y 0.10 < 0.001 7.2 (0.2) 1.6

HFC-143a CH3CF3 Y 0.16 0.004 26.5 (1.6) 51

HFC-125 CHF2CF3 Y 0.23 0.007 34.7 (3.4) 30

HFC-32 CH2F2 N 0.11 0.002 23.6 (3.1) 5.4

HFC-23 CHF3 Y 0.18 0.006 34.9 (0.2) 228

HFC-365mfc CH3CF2CH2C N 0.22 < 0.001 1.05 (0.03) 8.9

HFC-227ea CF3CHFCF3 N 0.26 < 0.001 1.87 (0.17) 36

Chlorocarbons

Methyl Chloroform CH3CCl3 Y 0.07 < 0.001 1.2 (−0.2) 5.0

Carbon Tetrachloride CCl4 Y 0.17 0.013 76.2 (−1.1)c 32

Methyl Chloride CH3Cl N 0.01 < 0.001 547.2 (−1.7) 0.9

Bromocarbons

Methyl Bromide CH3Br N 0.004 << 0.001 6.61 (−0.06) 0.8

Halon 1211 CBrClF2 Y 0.29 0.001 3.03 (−0.09) 16

Halon 1301 CBrF3 Y 0.30 0.001 3.31 (0.01) 72

Halon 2402 CBrF2CBrF2 Y 0.31 < 0.001 0.396 (−0.03) 28

Fully fluorinated species

Sulfur Hexafluoride SF6 Y 0.57 0.006 10.63 (0.35) > 600

PFC-14 CF4 N 0.09 0.005 87.4 (0.2) ~ 50 000

PFC-116 C2F6 N 0.25 0.001 5.03 (0.02) ~ 10 000

PFC-218 C3F8 N 0.28 < 0.001 0.721 (0.003) ~ 2600

PFC-318 c-C4F8 N 0.32 < 0.001 1.90 (0.01) ~ 3200
a Radiative efficiencies and lifetimes were taken from Appendix A in WMO (2018), 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

b Mole fractions are global, annual surface means determined from NOAA Global Greenhouse Gas Reference Network marine boundary layer sites, 
except for PFC-14, PFC-116, PFC-218, PFC-318, and HFC-23, which were measured by AGAGE (Mühle et al. 2010; Miller et al. 2010).  Changes indicated 
in brackets are the differences between the 2021 and 2020 means. These values differ from the growth rates reported in the main text and figures, 
which represent the net addition of a LLGHG to the atmosphere over the course of a year, calculated by differencing (approximately) the 1 Jan 
atmospheric abundances in successive years. All values are preliminary and subject to minor updates.

c Global mean estimates derived from multiple NOAA measurement programs (“Combined Dataset”).
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with emissions (including ~5% from cement production) increasing from 3.0 ± 0.2 Pg C yr−1 in the 
1960s to 9.5 ± 0.5 Pg C yr−1 in the past decade (2011–20; Friedlingstein et al. 2021). About half of 
the overall FF emitted CO2 since 1958 has remained in the atmosphere, while the rest has been 
stored by the ocean and the terrestrial biosphere. While emissions of CO2 from FF combustion 
drive are increasing atmospheric burden, the interannual variability in the CO2 growth rate is 
mostly driven by terrestrial biosphere exchange of CO2, which is confirmed by measurements of 
its 13C:12C ratio (e.g., Keeling et al. 1985; Alden et al. 2010). Terrestrial biosphere flux variability is 
influenced by both temperature and moisture anomalies (Cox et al. 2013; Hu et al. 2019; Humphrey 
et al. 2018) often associated with ENSO.

For 2020, FF CO2 emissions declined by 5.4%, relative to 2019, due to the COVID-19 pandemic 
(Friedlingstein et al. 2021). However, this reduction is not obvious in observed global atmospheric 
CO2 signals, because it is a relatively small signal compared with the natural variability from ter-
restrial biosphere exchange. The estimated 5.4% reduction in global CO2 emissions of 10 Pg C yr−1 
would result in a ~0.24 ppm decrease in global CO2 (given a conversion factor of 2.12 Pg C ppm−1; 
Ballantyne et al. 2012), which is within the 1 std. dev. interannual variability of 0.4 ± 0.1 ppm 
yr−1 of CO2 annual growth in 2010–19. Yet at least one analysis has detected regional impacts of 
COVID-19 on total column-CO2 (Weir et al. 2021). Preliminary data for 2021 suggest a rebound in 
FF CO2 emissions relative to 2020 of +4.9 ± 0.8% globally (Friedlingstein et al. 2021). 

While a pulse of CO2 will last in the atmosphere for thousands of years (Archer and Brovkin 
2008), atmospheric CH4 has a lifetime of about nine years, meaning that its atmospheric abun-
dance (and radiative forcing) can be reduced much more quickly (United Nations Global Methane 
Assessment 2021). Global mean tropospheric CH4 abundance increased to 1895.7 ± 0.6 ppb (parts 
per billion by moles in dry air) in 2021, a 162% increase compared to its pre-industrial level of 
722 ± 15 ppb. Since the beginning of NOAA’s systematic CH4 measurements in 1983, global CH4 
abundance rose and then flattened prior to 2006 (Fig. 2.50b), which is consistent with an approach 
to steady state if there was no trend in its lifetime driven by CH4 sinks (Dlugokencky et al. 2003). 
Atmospheric CH4 growth restarted in 2007 and has significantly accelerated since 2014 (Fig. 2.50b). 
Preliminary measurement results show continued large growth in 2021, about 18.1 ± 0.4 ppb, fol-
lowing a similarly large increase seen in 2020 (15.1 ± 0.4 ppb). 

Given the complexity of the CH4 budget, the scientific community has not reached consensus 
on reasons for the magnitudes and long-term trends of many CH4 sources. Fossil fuel exploitation 
is estimated to account for ~19% of total global CH4 emissions since 2000 based on top-down 
approaches that use atmospheric CH4 measurements and inverse models (Saunois et al. 2020). 
However, studies including radioactive (14C:C) or stable (13C:12C) carbon isotope ratios of CH4 sug-
gest a much larger fraction of fossil emissions (~30% in 1984–2016; Lassey et al. 2007; Schwietzke 
et al. 2016; Lan et al. 2021). Measurements of 13C:12C in CH4 also suggest that increased emissions 
from biogenic sources (e.g., wetlands and ruminant animals) are the dominant drivers for the 
post-2006 growth (Lan et al. 2021; Chang et al. 2019; Nisbet et al. 2019; Schaefer et al. 2016; 
Schwietzke et al. 2016).

It is an ongoing investigation to decipher the post-2019 CH4 surge. A reduction in the global 
abundance of the hydroxyl radical (OH, the main sink for CH4) may have contributed to the growth 
in 2020 due to the COVID-19 pandemic reduction in major OH precursors, NOx and CO (Laughner 
et al. 2021). However, reduced OH abundance due to COVID-related pollution reductions is unlikely 
to contribute significantly to the continued rapid increase in 2021. 

Nitrous oxide (N2O) is an ozone-depleting LLGHG mainly emitted from natural and agricul-
tural soils, animal manure, and the oceans (Ravishankara et al. 2009; Davidson 2009). Its atmo-
spheric lifetime is about 123 years (Ko et al. 2013). Atmospheric N2O has been increasing steadily 
throughout the industrial era, except for a brief period in the 1940s (MacFarling Meure et al. 2006; 
Thompson et al. 2019). The mean global atmospheric N2O abundance in 2021 was 334.3 ± 0.1 ppb, 
a 24% increase over its preindustrial level of 270 ppb. The annual increase of 1.3 ± 0.1 ppb in 2021 
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(Fig. 2.50c) was higher than the average annual increase over 2011–20 (1.0 ± 0.2 ppb) and was the 
third highest growth since 2001. It is an ongoing investigation to understand the drivers for the 
large N2O growth in 2021 and the record growth in 2020 (1.4 ± 0.1 ppb). 

The increased burdens of LLGHGs are largely responsible for increasing global temperature 
(IPCC 2013). The impacts of these LLGHGs on global climate are estimated based on their abili-
ties to change the global radiative energy balance. Compared with preindustrial times (1750), 
increasing atmospheric CO2 abundance has increased radiative forcing by > 2.1 W m−2. The increase 
in CH4 has contributed to a 0.53 W m−2 in-
crease in direct radiative forcing while the 
CH4-related production of tropospheric O3 
and stratospheric H2O has also contributed 
to ~0.30 W m−2 indirect radiative forcing 
(Myhre et al. 2014). While the atmospheric 
burdens of some greenhouse gases, such 
as chlorofluorocarbons, have declined in 
recent decades, the combined radiative 
forcing of CO2, CH4, and N2O, in addition to 
other LLGHGs (all of which are halogenated 
compounds), has increased each year (Fig. 
2.51). In 2021, the combined radiative forc-
ing from all LLGHGs (Table 2.10) was 3.2 
W m−2, which is 3.6 times greater than in 
1950, at the start of the “Great Acceleration.” 
NOAA’s Annual Greenhouse Gas Index 
(AGGI; Fig. 2.51) summarizes trends in the 
combined direct radiative forcing by all 
LLGHGs (Hofmann et al. 2006). This index 
represents the annual cumulative radiative 
forcing of LLGHGs relative to the Kyoto Pro-
tocol baseline year of 1990. The AGGI value 
of 1.49 in 2021 indicates an increase of 49% 
in radiative forcing of LLGHGs compared to 1990.

2. OZONE-DEPLETING SUBSTANCES—I. J. Vimont, B. D. Hall, G. Dutton, S. A. Montzka, C. Siso, 
M. Crotwell, and M. Gentry

Halogenated trace gases affect the radiative energy balance of the atmosphere and climate 
through their direct absorption of infrared energy and through their ability to deplete stratospheric 
ozone (Karpechko and Maycock 2018). Halogenated compounds, such as chlorofluorocarbons 
(CFCs), hydrochlorofluorocarbons (HCFCs), hydrofluorocarbons (HFCs), chlorocarbons, and 
bromocarbons are controlled by the 1987 Montreal Protocol (https://www.unep.org/ozonaction/
who-we-are/about-montreal-protocol) and its subsequent amendments. 

The effect of these controls can be seen clearly in the overall decline in the atmospheric abun-
dance of many of the controlled gases (Engel and Rigby 2018); however, even after production 
ceases, declines in atmospheric abundance vary by compound because these chemicals have 
different lifetimes, as well as different sizes of “banks” (i.e., reservoirs of produced, but not yet 
emitted chemicals). For example, by 2021, CFC-11 and CFC-12 had declined from their peak abun-
dance by only around 17% and 9% despite a reported global phase-out by 2010, whereas methyl 
chloroform (phased out in 2015) had decreased by 99% (Fig. 2.52; Table 2.10). These differences 
are explained by 50-yr and 100-yr lifetimes for the CFCs versus 5 years for methyl chloroform, 
and the presence of substantial (and leaky) banks for the CFCs, but not for methyl chloroform.   

Fig. 2.51. (a) Direct radiative forcing (W m−2) due to five major 
long-lived greenhouse gases (LLGHG) and 15 minor gases (left 
axis; see Table 2.10 for details of the 15 minor gases) and the 
associated values of the NOAA AGGI (right axis). The Annual 
Greenhouse Gas Index (AGGI) is defined to have a value of 1 in 
1990. (b) Annual increase in direct radiative forcing (W m−2).
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Long-term monitoring of the abundances of these species has proved to be important for ensur-
ing the success of the Montreal Protocol. The decline of CFC-11 mole fractions in the atmosphere 
slowed down unexpectedly after 2012, which led to the discovery of renewed increases in global 
emissions through 2018 (Montzka et al. 2018; Rigby et al. 2019). Shortly after this discovery was 
announced in 2018, the mole fraction decline observed for CFC-11 accelerated to rates that were 
comparable to those measured before 2012. One possible, yet unverified, cause of the observed 
decline in CFC-11 global emissions is a decrease in unreported production of this chemical 
(Montzka et al. 2021).

HCFCs are another important set of ozone-depleting compounds controlled by the Montreal 
Protocol, and overall trends in recent years reflect reduced levels of production and consumption. 
A select number of HFCs, which are used as substitutes for ozone depleting substances (ODSs) 
in some applications, are scheduled for phase down by the Kigali Amendment to the Montreal 
Protocol, but these controls are only now coming into effect so have not substantially altered their 
mole fraction tendencies; some HFCs, such as HFC-134a, are steadily increasing in the atmosphere.

Equivalent effective stratospheric chlorine (EESC) is a measure of the reactive ozone-depleting 
halogen loading at a given time and place in the stratosphere, calculated from global mean surface 
mole fractions and consideration of mixing processes, time-dependent trace gas destruction in 
the stratosphere, and the relative ozone-destruction efficiency of bromine versus chlorine (Daniel 
et al. 1995; Montzka et al. 1996; Newman et al. 2007). Midlatitude EESC is calculated using a 
3-year mean age-of-air, while Antarctic EESC is calculated with a 5.5-year mean age-of-air, as 
detailed in Newman et al. (2007). The abundance of reactive halogen in the midlatitude strato-
sphere is lower than in the Antarctic stratosphere, because air reaching the Antarctic has been 
in the stratosphere longer and has been transported to higher altitudes, which leads to more ODS 
destruction and release of reactive halogen (Montzka, Reimann et al. 2011). Most of the reactive 

Fig. 2.52. Global mean abundances (mole fractions) at Earth’s surface (parts per trillion = nmol mol−1 in dry air) for several 
halogenated gases, many of which also deplete stratospheric ozone. See Table 2.10 for the 2021 global mean mole frac-
tions of these and other gases.
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halogen in the atmosphere is due to CFCs, 
and they contribute strongly to EESC 
(Fig. 2.53) and still have high abundance 
in the atmosphere.

At the beginning of 2021, EESC in the 
midlatitudes was 1549 ppt, which repre-
sents a 20% decrease from its maximum 
value of 1936 ppt in 1997 (https://www.
gml.noaa.gov/odgi; Fig. 2.53a). Antarctic 
EESC was 3659 ppt at the beginning of 
2021, a 12% decrease from its maximum 
value of 4152 in 2001 and 2002 (https://
www.gml.noaa.gov/odgi; Fig. 2.53b). To 
provide context for changes in the EESC, 
the Ozone Depleting Gas Index (ODGI) 
was developed. The ODGI is derived 
for both the midlatitude and Antarctic 
stratosphere by rescaling EESC values 
in these regions, where an ODGI of 100 
represents the peak EESC value, and 
0 represents the value of EESC at 1980 
(Hoffmann and Montzka 2009; https://
www.gml.noaa.gov/odgi). Ozone de-
struction had already begun by 1980, but 
a return of stratospheric halogen to levels 
last seen in 1980 would represent a major 
milestone for the Montreal Protocol. At 
the beginning of 2021, the Antarctic ODGI 
(ODGI-A) was 75.3 and midlatitude ODGI 
(ODGI-M) was 50.1. Reactive halogen 
abundance in the Antarctic stratosphere has declined 24.7% (100% minus 75.3%) of the way back 
to the 1980 benchmark value. In the midlatitudes, the decline is nearly half of that needed to 
reach the 1980 benchmark value. Currently, ODGI-A and ODGI-M are projected to reach 0 around 
2076 and 2049, respectively (Carpenter et al. 2018; https://www.gml.noaa.gov/odgi).

3. AEROSOLS—S. Rémy, N. Bellouin, Z. Kipling, M. Ades, A. Benedetti, and O. Boucher
Aerosols represent a serious public health issue in many countries and hence are subject to 

monitoring and forecasting worldwide as part of air quality policies. Atmospheric aerosols also 
play an important role in the climate system, by scattering and absorbing radiation and by affect-
ing the life cycle, optical properties and precipitation activity of clouds (IPCC 2021).

The Copernicus Atmosphere Monitoring Service (CAMS; http://atmosphere.copernicus.eu) runs a 
near-real time (NRT) global analysis of aerosols and trace gases. The CAMS project also produced a 
reanalysis of global aerosols and trace gases that covers the years 2003 to 2021: the CAMS reanalysis 
(Inness et al. 2019), by combining state of the art numerical modeling and aerosol remote sens-
ing retrievals from MODIS (Levy et al. 2013) and the Advanced Along Track Scanning Radiometer 
(AATSR; Popp et al. 2016). Verification of aerosol optical depth (AOD) at 500 nm, against indepen-
dent AERONET observations, shows that the CAMS reanalysis has a smaller bias and error than its 
predecessors: the CAMS interim reanalysis (Flemming et al. 2017) and the MACC reanalysis (Inness 
et al. 2013). This section uses data exclusively from the CAMS reanalysis. 

Fig. 2.53. Equivalent effective stratospheric chlorine (EESC, ppt) 
for the (a) midlatitude and (b) Antarctic stratosphere derived 
from surface measurements. The EESC values represent EESC on 
1 Jan of each year.
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AOD at 550 nm in 2021 (Fig. 2.54a) 
shows maxima over the polluted regions 
of India and China, as well as from dust 
over the Sahara and the Middle East. 
High values from seasonal or occasional 
extreme fires are seen over equatorial 
Africa and Siberia. The high values over 
Hawaii and close to Mexico City are a 
known artifact of the CAMS reanalysis 
related to volcanic outgassing. Figure 
2.54b shows the time series of monthly 
and annual globally-averaged total AOD 
during 2003–21. Figure 2.54b shows 
strong seasonality, driven mainly by dust 
episodes between March and July in the 
Sahara, Middle East, and Taklimakan/
Gobi deserts and seasonal biomass burn-
ing in Africa, South America, and Indo-
nesia. Globally averaged AOD in 2021 was 
on average slightly higher than in 2020, 
by 0.6%, but with marked seasonal dif-
ferences: the boreal summer months saw 
some of the highest values since 2003, but 
the winter months saw the lowest values 
since 2014/15. A series of exceptional fires 
in Siberia and North America contributed 
to the high values in July and August.

These exceptionally large biomass 
burning aerosol events caused the posi-
tive anomalies relative to the 2003–20 mean over Siberia and parts of North America in Plates 
2.1u,v, while the positive anomalies over India and Iran were mostly caused by anthropogenic 
pollution events and are consistent with a positive AOD trend in these regions (see Figs. 2.55b,c). 
These fires also explain most of the extreme aerosol days shown in Plates 2.1u,v. Two large volcanic 
eruptions occurred in 2021. The Cumbre Vieja volcano (September) in the Canary Islands explains 
a positive anomaly there, while the Caribbean eruption of La Soufriere in Saint Vincent (April) 
injected a small amount of aerosols into the stratosphere. Dust storm activity was, in general, less 
than usual over most of the Sahara and Taklimakan, while the negative AOD anomalies over East 
Asia, Europe, and the Amazon basin can be explained by ongoing long-term decreasing trends 
of aerosol emissions and burden in these regions.

These trends are shown in Figs. 2.55b (2003–21) and 2.55c (2012–21). Between 2003 and 2021, there 
are significant negative AOD trends over most of the United States, Europe, East Asia, and the Amazon 
basin, the latter from reduced deforestation and associated burning activity. Positive trends are noted 
over Siberia, driven by biomass burning events, as well as over India and Iran, driven by an increase 
in anthropogenic emissions (Satheesh et al. 2017). Between 2012 and 2021, the picture is slightly differ-
ent: there is no decreasing trend over the United States and the Amazon basin, indicating that most of 
the 2003–21 trend can be explained by changes between 2003 and 2012. Similarly, the 2012–21 nega-
tive trend over Europe is smaller than the 2003–21 trend, while it is the opposite over East Asia, which 
is consistent with the observed decrease of most anthropogenic emissions there since around 2012 
(Li et al. 2017). A stronger positive trend between 2012 and 2021 is noted over most of Iran, while over 
the same period the positive trend over India is smaller than the 2003–21 trend.

Fig. 2.54. (a) Global aerosol optical depth (AOD) at 550 nm in 2021. 
(b) Global average of total AOD at 550 nm averaged over monthly 
(red) and annual (blue) periods for 2003–21.
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The AOD climatology between 2003 and 2021 (Fig. 2.55a) is close to the 2021 mean; it shows 
maxima over the highly populated regions of India and China, mainly caused by anthropogenic 
emissions, as well as over the Sahara, Middle East, and Taklimakan/Gobi from desert dust, and 
over central Africa, Indonesia, and the Amazon basin from fire emissions. The high values over 
Hawaii and close to Mexico City are a known artifact of the CAMS reanalysis related to volcanic 
outgassing. 

Fig. 2.55. (a) Total AOD at 550 nm averaged over the period 2003–21. Note the regional differences, with much greater 
total AOD values over parts of northern Africa, the Arabian Peninsula, southern Asia, and eastern China. Linear trends 
of total AOD (AOD unit yr−1) for (b) 2003–21 and (c) 2012–21. 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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Anthropogenic AOD and radiative forcing resulting from aerosol–radiation (RFari) and aero-
sol–cloud interactions (RFaci) are shown in Fig. 2.56 for 2021 and the period 2003–21. They are 
estimated using the methods described in Bellouin et al. (2020). The year 2021 was character-
ized by lower anthropogenic AOD and weak RFari and RFaci relative to the past 19 years. This 
decreasing trend is not yet statistically significant but is consistent with the decreasing trends 
in industrial and smoke aerosols seen in many regions, as mentioned above. The AOD anoma-
lies for 2021 shown in Plate 2.1u exert a relatively weak top-of-atmosphere radiative forcing in 
part because they are mostly caused by aerosols that are fairly absorbing, which decreases their 
ability to scatter radiation back to space. These aerosols, however, still exert a sizeable radiative 
forcing at the surface.

Fig. 2.56. CAMSRA (a) 2021 average of anthropogenic aerosol optical depth (AOD); (b) global annual average of anthro-
pogenic AOD from 2003 to 2021. Radiative forcing (W m−2) in the shortwave (SW) spectrum due to (c),(d) aerosol–radia-
tion (RFari) and (e),(f) aerosol–cloud interactions (RFaci). The left column shows the average distribution for the period 
2003–21. The right column shows a time series of global averages for the same period, with the 1-σ 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. Hubert, D. Loyola, 
C. Roth, A. Rozanov, V. Sofieva, K. Tourpali, R. Wang, and J. D. Wild

Ninety percent of atmospheric ozone resides in the stratosphere with a maximum in the lower 
stratosphere. Stratospheric ozone protects Earth’s biosphere from harmful ultraviolet (UV) radia-
tion. Increases in anthropogenic ozone-depleting substances (ODS) thinned stratospheric ozone 
until the mid-1990s. The phase-out of ODS, mandated by the Montreal Protocol in the late 1980s 
(section 2g2), slowed stratospheric ozone loss, with some regions now showing a slow recovery. 
In addition, the rate and even the sign of long-term ozone changes depend on changes in chemi-
cal composition and stratospheric circulation caused by increasing concentrations of long-lived 
greenhouse gases (LLGHG) and varies by region and altitude. The clearest signs of ozone recovery 
related to ODS changes are evident in the upper stratosphere (WMO 2018).

The annual mean total ozone distribution in 2021 (Plate 2.1x) shows generally negative ozone 
global anomalies, except for two bands centered near 20° latitude on both sides of the equator, 
where ozone is higher by about 5 DU than the decadal mean (1998–2008). This pattern (low ozone 
in the inner tropics and high ozone in the outer tropics) is typical during the easterly wind shear 
phase of the quasi-biennial oscillation (QBO-east). During QBO-east, the meridional stratospheric 
circulation is generally stronger, resulting in enhanced ozone transport into the subtropical 
latitudes (Baldwin et al. 2001; Weber et al. 2011; Lawrence et al. 2020; Plate 2.1x). Negative total 
ozone anomalies in the Southern Hemisphere extratropics are possibly related to the combina-
tion of the unusually long-lasting Antarctic ozone hole of 2020, extending into 2021, and the large 
ozone hole in the second half of 2021. The westerly phase of the QBO in late autumn of 2020 likely 
resulted in weaker ozone transport and higher polar ozone deficits in the Northern Hemispheric 
winter of 2021. 

Figure 2.57 shows the long-term evolution of annual total column ozone for different zonal bands 
(near-global, NH, tropics, and SH), and for polar caps in March (for the NH cap) and October (for 
the SH cap). These are the months when polar ozone losses are usually at their maximum after a 
cold stratospheric winter in the respective hemispheres, which occurs every year in the SH (“ozone 
hole”) but is more sporadic in the NH (see sections 6h and 5j, respectively). Total ozone shows 
above-average total ozone levels in 2021 in the outer tropical/subtropical region (Plate 2.1x). At 
middle latitudes, total ozone is at the lower range of the values from the last two decades (Figs. 
2.57b,e; Plate 2.1x). Total ozone was near the minimum annual mean values observed during the 
entire 43-year satellite observation period in the SH extratropics and above Antarctica in October 
(Figs. 2.57d,e; see section 6h). 

ODS-related total ozone changes since 1996 are on the order of +0.5% decade−1 in the extratropics 
of both hemispheres, but opposing long-term changes in atmospheric dynamics contributed 
to near-zero overall trends in the NH extratropics from 2000 to present (Coldewey-Egbers et al. 
2022; Weber et al. 2022). Mean total ozone levels during the period 2017–20 are still 4% and 5% 
below the 1964–1980 mean in the extratropics of the NH and SH extratropics, respectively (Figs. 
2.57b,d; Weber et al. 2022).

Figure 2.58 shows ozone time series at two altitudes in the lower (50 hPa/22 km altitude) and 
upper stratosphere (2 hPa/42 km altitude). The ozone evolution at both levels is broadly consistent 
with the projected range from various models of the Phase 1 Chemistry Climate Model Initiative 
(CCMI) using current scenarios of ODS and GHG changes (thick gray line in Fig. 2.57a and shaded 
area in Fig. 2.58; SPARC/IO3C/GAW 2019). 

In 2021 SH extratropical lower stratospheric ozone was close to the lowest values seen in the 
last decade but higher than in 2020. The lower values are related to the above-average sizes of 
the Antarctic ozone holes in 2020 and 2021 (see section 6h).  

The earliest and clearest sign of ODS-related ozone recovery was detected in the upper strato-
sphere, where dynamic variability plays a lesser role (e.g., Newchurch et al. 2003; Godin-Beekmann 
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Fig. 2.57. Time series of annual mean total column ozone (DU) for (a) global (60°S–60°N), (b) NH (35°–60°N), (c) tropics 
(20°S–20°N), and (d) SH (35°–60°S); and (e) polar (60°–90°) total column ozone in Mar (NH) and Oct (SH), the months 
when polar ozone losses usually are largest. Data are from WOUDC (World Ozone and Ultraviolet Radiation Data Centre) 
ground-based measurements combining Brewer, Dobson, SAOZ (Système D’Analyse par Observations Zénithales), and 
filter spectrometer 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 (V8.8, light blue: J. D. Wild and L. M. Ciasto, person. comm. 2019); the GOME/
SCIAMACHY/GOME-2 products GSG from University of Bremen (dark green, Weber et al. 2022), and GTO from ESA /DLR 
(light green, Coldewey-Egbers et al. 2015; Garane et al. 2018). MSR-2 (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 line (panel a) shows 
the median from chemistry-climate (CCMI)-1 ref C2 model runs (SPARC /IO3C /GAW 2019). Most of the observational data 
for 2021 are preliminary.
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et al. 2022). Upper stratospheric ozone has shown an increase of about +2% decade−1 since the 
late 1990s (e.g., Steinbrecht et al. 2017; Arosio et al. 2019; Szelag et al. 2020; Sofieva et al. 2021; 
Godin-Beekmann et al. 2022). In general, ozone observations in the lower stratosphere suggest 
little change or even a continuing decline over the last two decades (Fig. 2.58; Ball et al. 2018, 
2020; Chipperfield et al. 2018; Wargan et al. 2018; Godin-Beekmann et al. 2022).

Fig. 2.58. 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 for the NH (35°–60°N; a,d), tropics (20°S–20°N; b,e), and SH 
(35°–60°S; c,f), respectively. Anomalies are GOZCARDS referenced to the 1998–2008 baseline. Colored lines are long-term 
records obtained by merging different limb (SWOOSH, SAGE+OSIRIS, SAGE+CCI+OMPS-L, SAGE+SCIAMACHY+OMPS-L) or 
nadir-viewing (SBUV, OMPS-N) satellite instruments. The nadir-viewing instruments have much coarser altitude resolution 
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 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 /IO3C /GAW, 2019). Ozone 
data for 2021 are not yet complete for all instruments and are still preliminary.

Brought to you by UNIVERSITY OF SOUTHAMPTON HIGHFIELD | Unauthenticated | Downloaded 09/21/22 01:59 PM UTC



S932 . G L O BA L  C L I M AT EAU G U S T  2 0 2 2  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 1

5. STRATOSPHERIC WATER VAPOR—S. M. Davis, K. H. Rosenlof, D. F. Hurst, H. Vömel, and R. Stauffer
The amount of water vapor (WV) entering the stratosphere is controlled to a large degree by 

temperature variability in the tropical tropopause layer (TTL; ~14–19 km) and particularly at the 
cold-point tropopause (CPT), with more WV entering the stratosphere when CPT temperatures are 
higher. Variations in this so-called entry value of water vapor exerts a strong influence on overall 
stratospheric WV concentrations, as methane oxidation in the upper stratosphere and mesosphere 
represents the only other consistent source for WV in the stratosphere. Thus, processes that lead 
to variations in TTL and CPT temperatures on various timescales can affect stratospheric WV on 
a global scale. 

For quantifying interannual changes in stratospheric WV, the Aura satellite’s Microwave Limb 
Sounder (MLS) instrument provides a nearly continuous global (82°S–82°N) record of measure-
ments dating back to August 2004. In 2021, de-seasonalized tropical (15°S–15°N) WV anomalies 
from Aura MLS were positive (wet) for all but one month of the year in the lowermost stratosphere 
at 82 hPa (~17 km; Fig. 2.59b). These WV anomalies ranged from −0.02 ppm (parts per million, i.e., 
μmol mol−1) in June to +0.6 ppm in November, corresponding to deviations from the climatological 
monthly mean of −1% and +16%, respectively.

Fig. 2.59. (a) Time series of vertical profiles of tropical (15°S–15°N) lower stratospheric water vapor (WV) anomalies and 
(b) latitudinal distributions of WV anomalies (ppm) at 82 hPa. Both are based on version 5.0 Aura MLS data. Anomalies 
are differences from the mean 2004–20 WV mixing ratios for each month. (b) Propagation of tropical lower stratospheric 
WV anomalies (ppm) 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 SH midlatitudes at the end of each year. Tick marks denote the 
beginning of each year.
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The tropical WV anomalies ascend in the so-called “tropical tape recorder” (i.e., the height−
time plot of tropical-average WV showing the imprint of TTL temperatures on WV entering the 
stratosphere [Mote et al. 1996]) as illustrated in Fig. 2.59a, which shows a wet anomaly beginning 
around the middle of 2021 at 100 hPa and ascending for the duration of the year. At 100 hPa, the 
de-seasonalized tropical WV anomalies for August 2021 (+0.4 ppm, 8% above average) and Sep-
tember 2021 (+0.5 ppm, +11%) were the wettest over the MLS record for their respective months. 
In the following months, the strong positive anomalies were observed at the next highest MLS 
levels (82 hPa and 68 hPa) as the air ascended into the stratosphere as part of the mean meridional 
overturning circulation. The 82-hPa level had its wettest October on record (+0.4 ppm, +10%) in 
2021, as did November (+0.4 ppm, +9%) and December (+0.4 ppm, +10%) at the 68 hPa level. The 
progression of these strong wet anomalies is illustrated further in Fig. 2.60, which shows maps of 
the anomalies as they propagate upward. In addition to propagating upwards, the 2021 tropical 

Fig. 2.60. Deseasonalized monthly lower stratospheric Aura Microwave Limb Sounder (MLS) version 5.0 anomalies (ppm; 
2004–20 base period) at (a) 100 hPa in Sep 2021, (b) 82 hPa in Oct 2021, and (c) 68 hPa in Dec 2021. 
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WV anomaly exhibits a typical “U-shaped” behavior with time in the latitude–time plane at 82 
hPa, as the anomalies propagate poleward in each hemisphere (Fig. 2.59b).

The behavior of lowermost stratospheric WV, observed by Aura MLS, is broadly consistent with 
balloon-borne frost point hygrometer soundings at five locations, as shown in Fig. 2.61. The new-
est version 5.0 of the MLS data, as well as the previous 4.2 version, are included in this figure to 
illustrate the reduction in drift relative to the frost point (FP) data in the newest version 5.0 data. 
Although the drift is not completely removed, the 2021 WV anomalies in v5.0 data are ~0.1 ppm 
less than in v4.2 for most sites. At the tropical stations, the WV anomalies are highly correlated 
with the tropical CPT temperature anomalies, as expected. 

In 2021, the tropical CPT temperatures were anomalously high throughout the entire year, with 
an annual mean anomaly of +0.77K. It is well established that interannual variations in CPTs 
are correlated with interannual variability in climate phenomena such as the El Niño-Southern 
Oscillation (ENSO) and the quasi-biennial oscillation (QBO) in equatorial stratospheric winds 
(Dessler et al. 2014). 

La Niña conditions were present for all months of 2021, except June and July (see section 4b). In 
boreal winter, La Niña is known to result in weaker tropical lower stratospheric upwelling, anoma-
lously higher CPTs, and enhanced water vapor in the tropical lower stratosphere (e.g., Garfinkel 

Fig. 2.61. Lower stratospheric water vapor (WV) anomalies (ppm) over five balloon-borne frost point (FP) hygrometer 
stations. (a–e) each shows the lower stratospheric anomalies of individual FP soundings (black) and of monthly zonal av-
erages for versions 4.2 (orange) and 5.0 (green) of Microwave Limb Sounder (MLS) data at 82 hPa in the 5° latitude band 
containing the FP station (orange). The new MLS v5.0 data includes a correction for a drift contained in the earlier version 
4.2 data (Hurst et al. 2016; Livesey et al. 2021), which were used in previous State of the Climate reports (e.g., Davis et al. 
2021). 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 2004–20 period for sites except for Lindenberg (2009–21) and Hilo (2011–21). Tropical 
CPT anomalies based on the MERRA-2 reanalysis (d, blue curve), which are generally well correlated with the tropical 
lower stratospheric WV anomalies, are the driving force behind the variations in tropical WV during 2021. 
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et al. 2021). The positive anomalies in tropical lower stratospheric WV at the beginning of 2021 
and again at the end of the year are consistent with the known behavior associated with La Niña. 

Equatorial winds from the Singapore radiosonde wind data, which are a commonly used proxy 
for the QBO phase, were westerly at 50 hPa throughout 2021, until shifting to easterly in December. 
The QBO westerly phase is associated with anomalously weak tropical upwelling and anomalously 
high temperatures. Thus, although no formal attribution is attempted here, the combination of a 
La Niña phase and QBO westerlies likely contributed to the anomalously high CPTs and enhanced 
tropical lowermost stratospheric WV in 2021. 

6. TROPOSPHERIC OZONE—O. R. Cooper, J. R. Ziemke, and K.-L. Chang, 
Tropospheric ozone is a short-lived climate forcer that either originates naturally in the strato-

sphere or is produced in situ by photochemical reactions involving sunlight and precursor gases, 
such as nitrogen oxides (NOx), non-methane volatile organic compounds, methane, and carbon 
monoxide (Archibald et al. 2020). Tropospheric ozone has a strong seasonal cycle that peaks in 
either spring or summer in response to the regional availability of sunlight, ozone precursors, 
and long-range transport (Cooper et al. 2014). Ozone precursors can originate naturally from 
wildfires, biogenic hydrocarbon emissions, lightning NOx, and biogenic NOx emissions from 
soils, and also from anthropogenic sources such as fossil fuel and biofuel combustion or crop 
burning. Tropospheric ozone also acts as a pollutant near the surface, impacting human health 
and vegetation (Fleming et al. 2018; Mills et al. 2018).

Long-term trends of tropospheric ozone were 
recently assessed by the IPCC (Gulev et al. 2021; 
Naik et al. 2021). An ensemble of chemistry-
climate models indicates that the tropospheric 
ozone burden (TOB) has increased by 45% since 
1850. The model-estimated present-day TOB of 
347 ± 28 Tg agrees well with the observed value 
of 338 ± 6 Tg determined from satellite products 
and ozonesondes. An observation-based quan-
tification of TOB is not possible prior to 1998 
due to insufficient global coverage by satellites 
and ozonesondes (Gaudel et al. 2018). However, 
model estimates of a constant global increase of 
tropospheric ozone since the 1950s are consistent 
with the observed increase since the mid-1990s 
(Tarasick et al. 2019).

Combined Aura Ozone Monitoring Instrument 
(OMI) and Microwave Limb Sounder (MLS) sat-
ellite ozone measurements (OMI/MLS) indicate 
increasing TOB since the record began in 2004 
(Ziemke et al. 2019). In 2021, broad regions of posi-
tive tropospheric column ozone (TCO) anomalies 
were found in the NH midlatitudes (~1.2 DU; 4%), 
with smaller anomalies of ~1 DU or less elsewhere 
(Plate 2.1y). Hemispheric and global TOB and their 
95% confidence levels for 2021 were 159 ± 6 Tg (0°–
60°N), 148 ± 8 Tg (0°–60°S), and 307 ± 10 Tg (60°S–
60°N). Globally (60°S–60°N), the 2004–21 TOB 
increase was 1.48 ± 0.40 Tg yr−1, or ~9% (Fig. 2.62). 
Spatially, the trends are overwhelmingly positive, 

Fig. 2.62. Monthly averages (solid lines) and 12-month 
running means (dashed lines) of OMI/MLS tropospheric 
ozone burdens (Tg) from Oct 2004 through Dec 2021. 
(a) 60°S–60°N monthly averages with 12-month running 
mean, (b) monthly averages and running means for the 
NH tropics and midlatitudes, and (c) monthly averages 
and running means for the SH tropics and midlatitudes. 
Slopes of linear fits to the data are presented with their 
95% confidence-level uncertainties. Vertical resolution 
of OMI/MLS monthly TCO is ~3 km about the tropopause 
with ~2 DU (7%) precision regionally; trend uncertainties 
are about 0.5 DU decade−1 (1.5% decade−1).
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reaching ~+3.2 DU decade−1 (~+1% yr−1) east of China and Southeast Asia (Fig. 2.63), consistent 
with model simulations of increasing fossil fuel emissions from Southeast, East, and South Asia 
(Y. Zhang et al. 2016; Ziemke et al. 2019) and also consistent with ozone trends since the mid-1990s 
based on in situ observations in the boundary layer and free troposphere (Gaudel et al. 2020; 
Chang et al. 2022). Models indicate that ozone produced in these areas is transported northward 
and eastward in the free troposphere over the North Pacific Ocean (Zhang et al. 2020) as sup-
ported by the trend patterns in Fig. 2.63. Positive trends in the SH extra-tropics have been linked 
to a broadening of the Hadley circulation (Lu et al. 2018).

At the surface, six baseline sites are available for quantifying multi-decadal ozone trends 
through the end of 2021 (Fig. 2.64; Table 2.11). At northern high latitudes, ozone increased at a 
rate of 0.57 ± 0.33 ppbv decade−1 since 1973 at Barrow Observatory, but decreased by 2.43 ± 0.97 
ppbv decade−1 since 2000 at Summit, Greenland. At northern midlatitudes, ozone decreased by 
0.96 ± 1.22 ppbv decade−1 since 1988 at Tudor Hill, Bermuda, but with large fluctuations. Mauna 
Loa Observatory, Hawaii, is located at the interface of the tropics and northern midlatitudes, 
allowing the ozone record to be split into mutually exclusive times series representing moist air 
(primarily a tropical origin) and dry air (primarily a midlatitude origin). Ozone in the MLO dry air 
(midlatitude) increased by 2.04 ± 0.41 ppbv decade−1 since 1974, while ozone in the MLO moist air 
(tropical) increased by 1.00 ± 0.38 ppbv decade−1. In the southern high latitudes ozone at Arrival 
Heights, Antarctica has changed little since 1996. The trend at the South Pole, the most remote 
location on Earth, is +0.36 ± 0.37 ppbv decade−1 since 1975. While these data provide a range of 
trends at remote locations, they are too sparse to provide a global mean surface trend, and surface 
trends do not necessarily reflect trends in the free troposphere (Cooper et al. 2020).

Recent ozonesonde, lidar, and FTIR observations show a small ozone decrease in the NH 
mid- and lower troposphere (1–8 km) in 2020 in response to ozone precursor emissions reduc-
tions associated with the COVID-19 pandemic (Steinbrecht et al. 2021; Miyazaki et al. 2021). The 
decrease was strongest in the northern midlatitudes, with reductions of 5–6% above Europe and 
western North America (Chang et al. 2022). Future assessments will determine if this decrease 
was a temporary fluctuation or if it will have a long-term impact on the TOB trend. 

Fig. 2.63. Linear trends in OMI/MLS tropospheric column ozone (DU decade−1) on a 5° × 5° grid from Oct 2004 through 
Dec 2021. 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 Niño 3.4 index as an ENSO 
proxy; trend uncertainties included autoregressive adjustment via Weatherhead et al. (1998).
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Fig. 2.64. (a) Nighttime monthly mean ozone values (ppb) at Mauna Loa (MLO), split into mutually exclusive times series, 
representing moist air (yellow, primarily a tropical origin) and dry air (black, primarily a midlatitude origin) based on ob-
served relative humidity values (Gaudel et al. 2018). (b) Monthly mean surface ozone (ppb) at Barrow Observatory, Alaska 
(gray), Summit, Greenland (orange), Tudor Hill, Bermuda (blue), Arrival Heights, Antarctica (red), and South Pole (green). 
Monthly means are produced for months with at least 50% data availability, using observations from all 24 hours of the 
day. The locations of each site are listed in Table 2.11. (c) The same time series after conversion to monthly anomalies 
referenced to the monthly climatological values over 2000–20 and smoothed variability based on the LOWESS (locally 
weighted scatterplot smoothing) regression.

Table 2.11. Ozone trends at the six baseline monitoring sites shown in Fig. 2.64. Trends are esti-
mated by the generalized least squares method, based on monthly anomalies referenced to the 
monthly climatological values over the period 2000–20 (Chang et al. 2021) and reported with 
95% confidence intervals and p-values. 

Site name
Latitude, longitude, elevation 

(m)
Years with data trend, ppbv decade−1 p-value

Summit, Greenland 
72.6°N, 38.5°W, 3238 m

2000–present −2.43 ± 0.97 p<0.01

Barrow, Alaska 
71.3°N, 156.6°W, 11 m

1973–present 0.57 ± 0.33 p=0.00

Tudor Hill, Bermuda 
32.3°N, 64.9°W, 30 m

1988–98, 
2003–present

−0.96 ± 1.22 p=0.12

Mauna Loa Observatory (MLO), 
Hawaii 
19.5°N, 155.6°W, 3397 m

1973–present
2.04 ± 0.41 (dry air) 

1.00 ± 0.38 (moist air)
p<0.01 
p<0.01

Arrival Heights, Antarctica 
77.8°S, 166.8°W, 50 m

1996–present 0.34 ± 0.59 p=0.25

South Pole, Antarctica 
90.0°S, 59.0°E, 2840 m

1975–present 0.36 ± 0.37 p=0.05
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7. CARBON MONOXIDE—J. Flemming and A. Inness
Carbon monoxide (CO) is emitted into the atmosphere by incomplete combustion from anthro-

pogenic sources and from wildfires. The chemical production of CO in the atmosphere from form-
aldehyde as part of the oxidation chains of methane (CH4), isoprene, and other volatile organic 
trace gases (Stein et al. 2014) is larger than these admissions. Oxidation of CO with the hydroxyl 
radical (OH) is the main loss process for CO. The greater abundance of OH in summer is a main 
driver for the typical CO seasonal cycle that peaks in boreal and austral winter. Carbon monoxide 
is an indirect short-lived climate forcer because it is an important precursor for tropospheric ozone 
(Szopa et al. 2021; section 2g6) and because it impacts OH, which controls the lifetime of CH4. 

Carbon monoxide concentrations doubled between the 1850s and the 2000s based on model 
studies (Griffiths et al. 2020). Based on a limited number of ice core samples, Northern Hemisphere 
(NH) CO levels were the highest (around 160 ppb) in the 1970s (Petrenko et al. 2013) but later de-
clined by 30 ppb to 130 ppb by 2008. Surface CO concentrations have been measured as part of 
the global atmospheric watch (GAW) network using in situ sensors and flask observations in a 
routine way by NOAA’s Global Monitoring Laboratory and other agencies since the 1990s (WMO 
2021a). Tropospheric CO is observed, in situ, by the In-service Aircraft for a Global Observing 
System (IAGOS) aircraft observation program (Nédélec et al. 2015) and the Network for the Detec-
tion of Atmospheric Composition Change (NDACC; De Mazière et al. 2018) of ground-based remote 
sensing Fourier Transform Infrared Spectroscopy (FTIR) instruments, which provides atmospheric 
CO profiles. The advent of CO satellite sensors measuring CO in the early 2000s allowed more 
detailed monitoring of the global CO burden (Worden at al. 2013; Yin et al. 2015; Bucholz et al. 
2021) in particular by assimilating these observations in atmospheric composition reanalyses 
(Flemming et al. 2017; Gaubert et al. 2017; Inness et al. 2019). The trend of the CO burdens and CO 
surface concentrations since the early 2000s varies spatially, but there is qualitative agreement 
between satellite-derived trends in CO burden and surface trends obtained from background in 
situ observations: the NH shows a decline of CO varying between 0.3% and 1.3% yr−1, while SH 
values did not change significantly (Szopa et al. 2021).  

Figure 2.65a shows a time series of the monthly global burden of CO from CAMS reanalysis for 
the period 2003–21. The total CO burden has reduced by 1.4 Tg yr−1 (based on a linear trend), and 
piecewise trends for the periods 2003–07, 2008–09, and 2009–21 are −3.1, −14.3, and 0.0 Tg yr−1 
(Flemming and Inness 2018). 

The spatial distribution of the annual CO anomalies, with respect to the period 2003–21, is 
shown in Plate 2.1z. Stronger-than-usual wildfire activity in northeastern Russia, starting in sum-
mer 2021 led to a widespread positive CO anomaly in mid- and higher latitudes of the NH, which 
was further increased by active wildfires in Canada and the western United States in August. 
This led to the highest monthly mean CO burdens in the Arctic region (60°–90°N) for the period 
covered by the CAMS reanalysis (Fig. 2.65b). Positive anomalies also occurred over India, caused 
by intensive agricultural waste burning in January and February. La Niña conditions in the tropi-
cal Pacific resulted in a pronounced negative CO anomaly over maritime Southeast Asia in the 
autumn period due to lower-than-normal biomass burning (Inness et al. 2015).

CAMS produced a retrospective analysis of CO, aerosols, and ozone for the period 2003–21 by 
assimilating satellite retrievals of atmospheric composition with the ECMWF model (Inness et 
al. 2019). The CAMS reanalysis-assimilated thermal infrared (TIR) 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 
onward) from the MOPITT instrument (Deeter et al. 2014, 2017, 2019) globally, only excluding obser-
vations poleward of 65°N/S, using the ECWMF 4D-VAR data assimilation system. Anthropogenic 
emissions were taken from the MACCity inventory (Granier et al. 2011) that accounts for projected 
emission trends according to the IPCC Representative Concentration Pathway 8.5 scenario, but 
COVID-19 related emissions modifications were not applied. Biomass burning emissions (section 
2h3) were taken from the Global Fire Assimilation System (v1.2; Kaiser et al. 2012) that is based on 
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MODIS fire radiative power retrievals (Giglio et al. 2016). A monthly mean climatology of biogenic 
emissions was taken from the MEGAN2.1 model following Sindelarova et al. (2014).  

h. Land surface properties
1. LAND SURFACE ALBEDO DYNAMICS—G. Duveiller and N. Gobron 
The land surface was predominantly darker than normal during 2021 compared to the 2003–20 

baseline in terms of visible broadband white-sky albedo and normal for near-infrared albedo (see 
Plates 2.1ac and 2.1ad, respectively). The patterns of surface albedo largely follow the dynamics 
of snow cover and vegetation dynamics, and 2021 was no exception. Several regions across the 
world had brighter surfaces due to above-average snow cover in either the beginning of the year 
(south/central United States, Spain, large parts of northern Europe), the end of the year (north-
western America and easternmost Russia, parts of the Tibetan plateau), or both (northeastern 
China). Lack of snow darkened the overall surface albedo in central North America and Quebec, 
Canada, in southeastern Europe, and in various parts of Russia (section 2c5). Where vegetation 
is greener (positive FAPAR anomalies; section 2h2), its contributions darken the surface overall 
by reducing the visible albedo, while near-infrared albedo rises slightly as denser vegetation 
scatters more light in this part of the spectrum. However, an exception to this case appeared in 
southern Africa where a decrease in near-infrared albedo occurred despite the increase in veg-
etation, possibly due to anomalously wet conditions. In contrast, the strong soil moisture deficit 
associated with the drought in the La Plata basin (section 2d10) resulted in an increase in visible 
albedo due to the drier conditions.

Fig. 2.65. Time series of the mean burden of CO for the (a) globe and (b) Arctic from the CAMS reanalysis and a piecewise 
linear trend for the periods 2003–07, 2008, and 2009–20.
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Surface albedo also largely follows the 
trends of decreasing snow cover observed 
in the past years (Figs. 2.66, 2.67). Also, 
as higher temperatures and CO2 fertiliza-
tion increase vegetation cover, the surface 
darkens considerably in terms of visible 
albedo and brightens slightly in terms of 
near-infrared albedo. The year 2021 seems 
to confirm that this general trend is also 
applicable to visible albedo anomalies in 
the Southern Hemisphere, when a return 
to negative values was observed after two 
years of positive values. 

This analysis is based on satellite re-
cords of visible and near-infrared white-
sky albedo estimated from the Moderate 
Resolution Imaging Spectroradiometer 
(MODIS) instrument onboard the Aqua 
and Terra satellite platforms (Schaaf et al. 
2002). White-sky albedo, also known as bi-
hemispherical reflectance, is defined as the 
fraction of radiation that is reflected in the 
absence of a direct radiation component and when the diffuse radiation component is isotropic. 
Various studies have shown that these products well-represent ground properties, whether it is 
ice sheets (Stroeve et al. 2013) or vegetation (Cescatti et al. 2012). The baseline reference period is 
2003–20, covering the extent of the MODIS record where data from both satellite platforms (Terra 
and Aqua) are available.

2. TERRESTRIAL VEGETATION DYNAMICS—N. Gobron 
The fraction of absorbed photosynthetically active radiation (FAPAR) is used to track the overall 

land productivity associated with atmospheric CO2 fixation. FAPAR anomalies in 2021 relative to 
the 1998–2020 mean show large surface variations, in terms of values and coverage, of vegetation 
productivity worldwide (Plate 2.1ae). 

Fig. 2.67. Global (black lines), NH (blue), and SH (red) land surface 
(a) visible and (b) near-infrared albedo anomalies (%) for the 
period 2003–21 using a 2003–20 base period. Dotted lines denote 
each monthly period; solid lines indicate the 6-month running 
averaged mean. 

Fig. 2.66. Zonally averaged (a) white sky visible and (b) near-infrared albedo anomalies (%) for the period 2003–21 using 
a 2003–20 base period.
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The greatest negative anomalies occurred over Central Asia, which had a record heatwave 
(see section 7g). The African continent also had strong negative anomalies in the east, over 
Somalia and Kenya, which were present during the entire year but strongest at the end of the 
year. To a lesser extent, the western coast from the Tropic of Capricorn to Nigeria also experienced 
numerous extreme events, with both droughts and floods that resulted in lower-than-average 
FAPAR. Negative anomalies were also present over far southern Africa and the southern half of 
Madagascar due to persistent drought inducing crop losses and other vegetation cover. The North 
American continent showed several negative hot-spots, including Montana, North Dakota, and 
Saskatchewan and along the Pacific coast, from California to Oregon, due to a series of wildfires 
that resulted from an exceptional heatwave and drought. Northeastern South America had low 
FAPAR in Guyana and Suriname. Small in extent but still significant, the Brazilian states of Rio 
Grande and Paraiba, Parque del Gran Chaco Kaa-Lya also had below-average FAPAR in 2021.  
Over Australia, Nullarbor Plain and a zone from Adelaide to Queensland, had low FAPAR. Over 
Alaska and northeastern Russia, with highest record temperatures during summer, there was 
below-average photosynthetic activity. 

The most noticeable positive anomalies, most likely due to heavy rain linked to La Niña, took 
place in Botswana and northeastern Namibia, as well as eastern South Sudan. To a lesser extent, 
further positive anomalies in Africa were seen over the belt of humid savannas in the Sahel, 
from Liberia, Côte d’Ivoire, Ghana, Togo, and the south of Chad. These positive events were also 
enhanced by high precipitation totals over these regions (see section 2d4). In South America, 
positive anomalies occurred over regions such as northwestern Venezuela, the state of Marahnao 
(Brazil), and Argentina over La Mesopotamia and La Pampa. Southwestern Europe—comprised 
of Portugal, Spain, France, and around Moldova—had positive anomalies. A large part of north-
western Russia, mainly covered by tundra, also had positive anomalies. A large positive anomaly 
occurred over New South Wales and southern Queensland in Australia due to heavy precipitation 
in 2021, and another affected Malaysia.

Figure 2.68  shows the latitudinal anomalies average from 1998 to 2021 compared to the base 
period 1998–2020. In 2021, the positive behavior extended globally, with the exception of a few 
locations, highlighting the greenness of the terrestrial surfaces. The Southern Hemisphere (SH) 
was affected by strong negative anomalies, i.e., below −0.03, from 2002 to 2014, except in 2010–12, 
for which vegetation had recovered from 
severe and persistent droughts (Gobron 
and Belward 2011) and slightly negative 
anomalies in 2019/20. Fig. 2.69 shows 
the global and hemispherical anomalies, 
with more seasonal variability in the 
SH than in the Northern Hemisphere 
(NH). Global seasonal anomalies have 
been positive since 2013, following the 
NH trend. SH was generally positive but 
with monthly negative events during its 
summer period, e.g., 2015/16; 2018/19; 
2019/20, and 2020/21. SH data reveal 
two positive extreme peaks in 2000 and 
2017, while the lowest values occurred in 
2008/09. The NH experienced fewer ex-
treme negative events, e.g., values below 
−0.03, compared to the SH. In 2021, only 
positive FAPAR anomalies were recorded 
for both SH and NH averages.

Fig. 2.68. Zonally averaged fraction of absorbed photosyntheti-
cally active radiation (FAPAR) anomalies for the period 1998–2021 
(1998–2020 base period).
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Earth observations are important 
for monitoring the terrestrial photo-
synthetic activity worldwide. They 
are used to infer FAPAR, an essential 
climate variable (as defined by GCOS 
[2016]). The 2021 study merged 24 years 
of global FAPAR monthly products 
based on three optical sensors from 
1998 to 2021 (Gobron et al. 2010; Pinty 
et al. 2011; Gobron and Robustelli 
2013). Uncertainties of each dataset 
were derived through various means, 
such as error propagation technique 
and comparisons against multiple 
proxies using ground measurements 
and radiative transfer simulations, 
that all provide an estimate of the un-
certainties and biases. This long-term 
FAPAR dataset presents an estimated 
global average uncertainty close to 
5%–10% when comparing to ground-
based measurements.

3. BIOMASS BURNING—
J. W. Kaiser and G. R. van der Werf
The year 2021 illustrated how two 

distinct trends that have emerged in 
global biomass burning over the last 
decade shaped current pyrogeogra-
phy: a declining trend in many sa-
vanna regions related to agricultural 
expansion and an increasing trend in 
many forested regions where climate 
change has increased the flammabil-
ity of the landscape. On one hand, 
2021 was the fourth-lowest fire year 
in the Global Fire Assimilation System 
(GFAS) record (1837 Tg C; 11% below 
the 2003–20 average; Table 2.12; global 
map shown in Fig. 2.70), and fire activ-
ity in tropical Asia was the lowest since 
at least 2003. On the other hand, 2021 
saw extreme regional fire activity in 
boreal North America and Siberia, as 
well as the western United States. Af-
ter the extreme fires of 2019 and 2020 
in the Arctic Circle and southeastern 
Australia, fire activity in these regions 
was again near and below average, 
respectively.

Fig. 2.69. Global (black /gray lines), Northern Hemisphere (blue), 
and Southern Hemisphere (red) fraction of absorbed photosyn-
thetically active radiation (FAPAR) anomalies for the period 1998–
2021 (1998–2020 base period). Dotted lines denote each monthly 
period; solid lines indicate the 6-month running averaged mean. 

Table 2.12. Annual continental-scale biomass burning budgets in 
terms of carbon emission (Tg C yr−1). (Source: GFASv1.4.)

Time Period 2003−20 2021

Quantity  
Tg C yr−1

Mean value 
(Range)

Value Anomaly (%)

Global
2062 

(1781–2421)
1837 −225 (−11%)

North America
30°–75°N 

190°–330°E
85 

(57–114)
114 +28 (+33%)

Central America
13°–30°N  
90°–330°E

52 
(38–72)

46 −6 (−12%)

South America
13°S–60°N 
190°–330°E

368 
(242–537)

316 −52 (−14%)

Europe and 
Mediterranean

30°–75°N 
330°–60°E

42 
(28–72)

34 −9 (−21%)

N. Hem. Africa
0°–30°N 

330°–60°E
421 

(308–494)
372 −49 (−12%)

S. Hem. Africa
0°–35°S 

330°–60°E
477 

(429–532)
476 −1 (0%)

Northern Asia
30°–75°N 
60°–190°E

199 
(116–436)

256 +57 (+29%)

South-East Asia
10°–30°N 
60°–190°E

122 
(86–162)

111 −11 (−9%)

Tropical Asia
10°S–10°N 
60°–190°E

166 
(37–475)

27 −139 (−83%)

Australia
10°–50°S 
60°–190°E

129 86 −43 (−34%)

Arctic 
67°–90°N 
0°–360°E

8 
(1–37)

7 −1 (−9%)

Western United 
States

30°–49°N 
230°–260°E

19 (8–42) 37 +18 (+96%)
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Global fire emissions are generally 
dominated by savanna burning. For 
example, African fire emissions account 
for roughly half of total fire carbon emis-
sions, and fires here and in many other 
savanna regions have decreased over the 
past decade. This trend is partly driven 
by agricultural expansion into savanna 
ecosystems and associated fragmenta-
tion of the landscape (Andela et al. 2017). 
The trend continued in 2021, with Africa 
north of the equator observing emissions 
12% below the 2003–20 average and the 
seven years with the lowest global fire 
activity in the GFAS record all occurring 
since 2013; however, emissions were 
close to average south of the equator in Africa and thus did not contribute to the trend. Fire activ-
ity in tropical Asia, including Indonesia, was the lowest on record (Fig. 2.71); fire activity in this 
region is strongly modulated by precipitation anomalies associated with the El Niño-Southern 
Oscillation. Environmental protection policies may also have contributed to the low fire activity.

At higher latitudes, northern Asia and North America experienced particularly intense fire 
seasons in 2021, with anomalies of +29% and +33%, respectively. The continental-scale budgets 
are dominated by boreal fires. Nevertheless, the wildfires in the western United States were sec-
ond only to those of 2020, consuming twice as much biomass as the long-term average (Fig. 2.71). 

Fig 2.70. Global map of fire activity in 2021 in terms of carbon 
consumption (g C m−2 yr−1). (Source: GFASv1.4.)

Fig. 2.71. Time series of annual (squares) and monthly (lines) regional fire activity, in terms of carbon consumption for  
(a) the western United States, (b) northern Asia, and (c) tropical Asia. (Source: GFASv1.4.) 
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GFAS produces global fire emission estimates in near real-time for the Copernicus Atmosphere 
Monitoring Service (CAMS; Kaiser et al. 2012). It is based on the MODIS Fire Radiative Power 
products (Giglio et al. 2016). Here, we use consistent reprocessing with input from MODIS Col-
lection 6 for the entire period of 2003–21. The 14% bias, with respect to Collection 5, has been 
corrected and the satellite and observation time-specific bias correction factors from Hüser et al. 
(2018) have been applied for 17 August–2 September 2020 in order to compensate for the outage 
of observations from MODIS onboard the Aqua satellite. The time series in Plate 2.1ae also puts 
the GFAS time series, which begins in 2003, 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, J. Garforth, 
A. Menzel, J. O’Keefe, T. Park, A. D. Richardson, T. Rutishauser, T. H. Sparks, S. J. Thackeray, A. van Vliet, 
and Y. Yuan

During 2021, the phenology, of satellite-derived, PhenoCam-derived, terrestrial, and aquatic 
records, indicate a generally earlier start and longer growing season across the globe relative to 
the 2000–20 baseline, with the exception of extreme April temperature impacts in Europe. The 
satellite-derived (MODIS) normalized difference vegetation index (NDVI; Park et al. 2016) across 
Northern Hemisphere land (NH, > 30°N) revealed earlier mean start of season (SOSM; −1.8 days) 
and later end of season (EOSM, +4.2 days) relative to the baseline (SOSM = day 135, 15 May and EOSM 
= day 283, 10 October; Fig. 2.72). These differences were associated with higher spring (+0.24°C) 
and autumn (+0.54°C) temperatures from the MERRA-2 reanalysis (Gelaro et al. 2017) and resulted 
in a 6-day longer growing season in 2021. Regionally, SOSM occurred earlier across western and 

Fig. 2.72. (a) Time series of area-mean anomalies (days relative to 2000–20 baseline) in MODIS NDVI-based vegetation 
growing season onset (SOSM, green) and MERRA-2 spring (Mar–May, pink) temperature for Northern Hemisphere (> 30°N). 
(b) Same as (a) but for the end of growing season (EOSM, green) and autumn (Sep–Nov, pink) temperature. Note, tem-
perature scale reversal for panel (a). (c),(d) Spatial pattern of (c) SOSM and (d) EOSM anomalies in 2021 with respect to 
the baseline. Highlights identify the location of sites shown in Figs. 2.73 and 2.74 and discussed in the text (Country mean 
phenology data: yellow; site PhenoCam and phenology observations: magenta; lake phytoplankton: blue).
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northeastern Eurasia (EA), and northeastern 
North America (NA) and later across central 
EA and NA (Fig. 2.72c). A striking earlier SOSM 
(−13 days) over western Russia (35°–75°E, 
69°–57°N) was associated with an anomalous 
spring warm spell (+2.7°C). Most EA and NA 
regions showed a later EOSM, whereas earlier 
EOSM was observed in southwestern EA. The 
regions displaying early EOSM were mostly 
temperate grass and shrublands, which expe-
rienced a drier summer and autumn seasons in 
2021 (JRC 2021). Two decades of MODIS record 
show long-term trends of earlier SOSM and 
later EOSM (SOSM: −1.74 ± 0.42 days decade−1, 
p < 0.001; EOSM: 1.93 ± 0.47 days decade−1, p < 
0.001). 

PhenoCam data (Seyednasrollah et al. 2019) 
help link the coarse resolution of satellite-
derived phenology with fine resolution visual 
observations on organisms and ecosystems 
(Richardson 2019). PhenoCam-derived es-
timates (2008–21) of SOS (SOSPC) and EOS 
(EOSPC) at Harvard Forest, a deciduous forest 
in Massachusetts (United States), were com-
pared with ground observations of red oak 
(Quercus rubra; SOSRO and EOSRO; Richardson 
and O’Keefe 2009; O’Keefe 2021), and MODIS 
(SOSM and EOSM) for the associated pixel 
(Figs. 2.73a,b). SOSPC and EOSPC are strongly 
correlated with SOSRO (r = 0.90) and EOSRO (r = 
0.83), and their timings were similar. Although 
SOSPC and SOSM were strongly correlated (r = 
0.77), SOSPC was later by 12 ± 3 days (Fig. 2.73b). 
The correlation between EOSPC and EOSM was 
weaker (r = 0.58), and EOSPC was earlier by 47 ± 
10 days (Fig. 2.73a). In 2021, SOSPC, SOSRO, and 
SOSM were 8, 8, and 4 days earlier and EOSPC, 
EOSRO, and EOSM were 13, 6, and 11 days later 
than in 2020 (Figs. 2.73a,b). EOSPC was the lat-
est in the PhenoCam series. All three Harvard 
Forest records showed a longer growing season 
in 2021 than 2020, with the PhenoCam show-
ing the largest change where the earlier SOSPC 
and later EOSPC yielded a growing season that, 
at 178 days, was three weeks longer than 2020, 
and 11 days longer than the 2011–20 mean 
(167 days). First leaf (SOSPO) and leaf falling/
bare tree (EOSPO) dates for pedunculate oak 
(Quercus robur) from Germany (D), the United 
Kingdom (UK), and the Netherlands (NL) are 

Fig. 2.73. Day of year of spring and autumn vegetation phe-
nology indicators for (a),(b) Harvard Forest, Massachusetts, 
where (a) start and (b) end of season days are derived from 
MODIS remote sensing (black), PhenoCam observations and 
red oak (Quercus rubra) single-tree ground observations 
(green and orange); (c),(d) Germany, United Kingdom, and 
the Netherlands, where country-mean first leaf (green) and 
bare tree or leaf fall (orange) days are derived from ground 
observations of pedunculate oak (Quercus robur); and (e) 
Kyoto, Japan, showing first full bloom days for cherry blos-
som, Prunus jamasakura from ground observations (pink).
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presented in Figs. 2.73c,d. The mean SOSPO and EOSPO for the 2000–20 baseline was 27 (D), 24 
(UK), and 20 (NL) April, and 5, 30, and 26 November, respectively. Both events were strongly in-
fluenced by temperature; in general, it has been shown that SOSPO advances by 4–6 days per °C 
increase in mean February–April temperature, and EOSPO is delayed 2–4 days per °C increase in 
September–October temperature (Menzel et al. 2020). April 2021 temperatures were relatively cold 

in these countries, resulting in SOSPO dates 
10 (D), 3 (UK), and 13 (NL) days later than the 
baseline, while EOSPO dates were mixed; 6 
days earlier in NL but 2 and 4 days later in 
D and UK. The net result was a shorter 2021 
oak season in each country (see Kendon et 
al. 2022).

In Kyoto, Japan, full bloom dates (FBD) for 
a native cherry tree species, Prunus jama-
sakura, were acquired from historical docu-
ments (Aono and Kazui 2008) and updated 
with current observations. In 2021, the FBD 
was 26 March (day 85), which was 9.5 days 
earlier than the 2000–20 baseline mean and 
the earliest in the entire record, which began 
in AD 801, breaking the previous earliest 
date of 27 March in the year 1409.

Monitoring data on lake water concen-
trations of the photosynthetic pigment 
chlorophyll-a were available to estimate 
spring phytoplankton phenology in 1 SH 
and 10 NH lakes (Fig. 2.74). Seasonal tim-
ing was quantified for start of season (SOSL 
sensu Park et al. 2016), day of maximum 
concentration (DOML), and center of gravity 
(COGL; Edwards and Richardson 2004). Lake 
basins showed great interannual variation 
and mixed phenological behavior in 2021, 
relative to the 2000–20 baseline. 2021 SOSL 
and COGL were both earlier than the base-
line interquartile range in 4 of the 11 lakes 
and 5 of the 11 for DOML. Earlier growth 

Fig. 2.74. 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 (a measure of the timing of the peak throughout 
the growing season). Boxplots show variation during 
the 2000–20 base period, and red dots show 2021 val-
ues. Dashed line identifies Northern Hemisphere (Blel-
ham Tarn in United Kingdom [UK], Bourget in France, 
Esthwaite Water in UK, Geneva in France/Switzerland, 
Kasumigaura in Japan, Kinneret in Israel, Loch Leven in 
UK, Mjøsa in Norway, north and south basins of Wind-
ermere in UK) and Southern Hemisphere (Taupo in New 
Zealand) lakes.  
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typically occurs in deeper lakes where thermal stratification is an important trigger of spring 
phytoplankton growth (Sommer et al. 1986). 

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

Vegetation optical depth (VOD) is a parameter describing the interaction of microwave radiance 
with vegetation. It is closely related to vegetation above-ground biomass (Mialon et al. 2020), leaf 
area index (Vreugdenhil et al. 2017), gross primary production (Teubner et al. 2019; Wild et al. 
2022), and canopy water content (Konings et al. 2017). Thus, it is a valuable indicator of ecosystem 
health, agricultural drought, and crop status (Crocetti et al. 2020; Moesinger et al. 2022). 

In 2021, VOD anomaly patterns largely resembled those of 2020 (Dorigo et al. 2021). Wide-
spread patterns of negative VOD anomalies occurred in large parts of Russia, Central Asia, and 
Mongolia. For some of these predominantly rain-fed agricultural areas, below-average cereal 
production was reported by the UN Food and Agricultural Organization. Clear below-average 
VOD values were also detected in western Africa, Angola, and Namibia, the southwestern tip of 
Africa, Mozambique, and southern Madagascar, which were already observed in 2020 and per-
sisted throughout 2021 (Plate 2.1ag). In Madagascar, ongoing droughts have reportedly led to crop 
failure, according to UN reports. Although some parts of Australia show lower-than-usual VOD, 
many areas, particularly in the east, shifted from a negative state in 2020 (Dorigo et al. 2021) to a 
positive one in 2021, as predominately wet conditions have prevailed following a major drought 
in 2017–19 (see section 7h4). The most evident region with above-average VOD was centered 
around Botswana and Namibia in southeastern Africa. Compared to 2020, VOD anomalies in this 
region became more positive and covered a larger area. Above-average rainfall amounts that are 
commonly associated with La Niña in this region (see section 7e) may have been responsible for 
this high VOD. Farther north, Uganda and South Sudan, in particular, had above-average VOD, 
likely related to heavy precipitation and flooding (see section 7e). Other areas of above-average 
VOD include parts of the Parana basin in South America, the Tigris floodplain in the Middle East, 
and the Indian subcontinent. 

In the Southern Hemisphere, there was a clear connection between interannual variability in 
precipitation and vegetation activity and variations in ENSO and other climate modes (Fig. 2.75; Mi-
ralles et al. 2014; Martens et al. 2018). 
La Niña conditions prevailed in 2021, 
and several VOD anomalies coincided 
with rainfall anomaly patterns typically 
associated with this phase, including 
positive VOD anomalies in northeastern 
Brazil, southern Africa, the northern Sa-
hel region, eastern Australia, and India. 
However, for VOD, the relationship with 
climate modes is generally less straight-
forward than for moisture supply, since 
VOD anomalies are also affected by driv-
ers such as temperature, radiation, CO2 
fertilization, weather extremes, lagged 
effects, and land management (e.g., ir-
rigation, fertilization, logging; Gonsamo 
et al. 2021; Reichstein et al. 2013). 

Several anomalies observed in 2021 
are consistent with patterns of long-
term change (Fig. 2.76). For instance, 

Fig. 2.75. Yearly Ku-band VOD anomalies computed from the 
1991–2020 climatology and their agreement with the Southern 
Oscillation Index (SOI). SOI tracks the state of the El Niño Southern 
Oscillation, with values > 0.7 indicating La Niña and values < −0.7 
indicating El Niño episodes (Source: VODCA, http: //www.bom.
gov.au/climate/enso/soi /.) The bottom plot shows the percentage 
of land pixels providing valid data for each year.
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the below-average vegetation activity in 
northern Mongolia and Brazil and Bolivia 
coincide with long-term negative trends 
related to land degradation and deforesta-
tion, respectively (Song et al. 2018). Above-
average VOD in several regions can be 
linked to long-term trends in precipitation 
(Sahel; Dong and Sutton 2015), intensifi-
cation of agricultural production (India, 
China), and reforestation (northeastern 
China; Song et al. 2018). To differentiate 
interannual variability from long-term 
change, one would need to detrend the 
data first (Moesinger et al. 2022). An alter-
native view is provided by the difference 
in VOD between the years 2021 and 2020 
(Appendix Fig. A2.14), which reveals, for 
example, that although Kenya in 2021 had 
above-average vegetation activity, it was 
below that of 2020. 

The VOD anomalies were computed from the VOD Climate Archive (VODCA; Moesinger et al. 
2020). VODCA blends VOD observations retrieved with the Land Parameter Retrieval Model 
(Meesters et al. 2005; van der Schalie et al. 2017) from several space-borne radiometers, includ-
ing SSM/I, TRMM, Windsat, AMSR-E, and AMSR2, into a harmonized long-term dataset. VODCA 
contains individual datasets for Ku-band (covering the period 1987–2021), X-band (1997–2021), and 
C-band (2002–21) at 0.25° spatial and daily temporal resolutions. Here, we used the VODCA Ku-
band dataset, the longest available record, to compute anomalies from the long-term (1991–2020) 
climatology. Despite its theoretically higher sensitivity to the upper canopy, intra and interannual 
dynamics of Ku-band observations strongly agree with those of X-band and C-band (Moesinger 
et al. 2022). VOD cannot be retrieved over frozen or snow-covered areas for which they are masked 
in winter (Appendix Fig. A2.13).

Fig. 2.76. Time–latitude diagram of VOD anomalies (1991–2020 
base period). Data are masked where no retrieval is possible or 
where the quality is not assured and flagged due to frozen soil, 
radio frequency interference, etc. (Source: VODCA.)

Brought to you by UNIVERSITY OF SOUTHAMPTON HIGHFIELD | Unauthenticated | Downloaded 09/21/22 01:59 PM UTC



S1102 . G L O BA L  C L I M AT EAU G U S T  2 0 2 2  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 1

Acknowledgments
2.a.1 Introduction

Freya Aldred, Robert Dunn, and Kate Willett were supported by the Met Office Hadley Centre Climate 
Programme funded by BEIS. We thank John Kennedy, David Parker, and Katrina McNeill for their detailed 
comments when developing this chapter. We thank the BAMS Editor and the seven anonymous reviewers 
whose detailed comments improved the contents and presentation of this chapter. We also thank Atsushi 
Goto and Fumi Sezaki (JMA), Julien Nicolas (ECMWF), and Mike Bosilovich (NASA) for their help in providing 
the reanalysis data used in this chapter.

2.b.2 Lake Surface Temperature
Lake surface water temperatures from satellite data have been generated within the GloboLakes project 

funded by the UK National Environment Research Council (NE/J023345/2), with extensions funded by the EU 
Copernicus Climate Change Service (C3S) programme.

Part of the in situ measurements used to validate the LSWT dataset have been kindly shared by Eugene 
Silow (Irkutsk State University, Russia), Merja Pulkkanen (SYKE, Helsinki, Finland), Antii Raike (SYKE, Helsinki, 
Finland), Eric Leibensperger (Department of Physics and Astronomy, Ithaca College, Ithaca, U.S.A.), Alo Laas 
(Estonian University of Life Sciences, Tartu, Estonia), Michela Rogora (CNR Institute for Water Research, Italy), 
Martin Dokulil (Austria), Shin-ichiro Matsuzaki (National Institute for Environmental Studies, Japan), Claudia 
Giardino (CNR IREA, Italy), Curtis DeGasperi (King County Water and Land Resources Division, Department of 
Natural Resources and Parks, Seattle, Washington), Martin Schmid (Eawag, Switzerland), Don Pierson (Uppsala 
University, Sweden).

2.b.3 Night Marine Air Temperatures
R. Junod was supported by the U.S. Department of Energy (DE-SC0019296).

2.b.4 Land and Marine temperature extremes
Robert Dunn was supported by the Met Office Hadley Centre Climate Programme funded by BEIS.

2.b.5 Lower Tropospheric Temperature
Work performed by Stephen Po-Chedley at Lawrence Livermore National Laboratory (LLNL) was supported 

by the Regional and Global Model Analysis Program of the Office of Science at the Department of Energy and 
performed under the auspices of the DOE under Contract DE-AC52-07NA27344.

2.c.1 Permafrost and ALT
The Swiss Permafrost Monitoring Network PERMOS is financially supported by MeteoSwiss in the frame-

work of GCOS Switzerland, the Federal Office for the Environment, and the Swiss Academy of Sciences, and 
acknowledges the important contribution of its partner institutions and principal investigators. The French 
Network PermaFRANCE is financially supported by the Observatoire des Sciences de l’Univers Grenoble and 
the French Research Infrastructure OZCAR. The research on James Ross Island is supported by Czech Antarctic 
Research Programme and Czech Science Foundation project (22-28659M).

Brought to you by UNIVERSITY OF SOUTHAMPTON HIGHFIELD | Unauthenticated | Downloaded 09/21/22 01:59 PM UTC



S1112 . G L O BA L  C L I M AT EAU G U S T  2 0 2 2  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 1

2.c.2 Rock Glacier Velocity
Rock glacier monitoring at Hinteres Langtalkar and Dösen rock glaciers (AT) is supported by the Hohe 

Tauern National Park Carinthia through its long-term permafrost monitoring program. 
Laurichard (FR) survey is supported by CryobsClim “long-term Observation and Experimentation System 

for Environmental Research” (SOERE/All’envi-OZCAR Research Infrastructure) and the PermaFrance observatory 
“monitoring the mountain permafrost in the French Alps” as well as French National Research Agency in the 
framework of the Investissements d’Avenir programs: Risk@UGA (ANR-15-IDEX-02) and LabEx OSUG@2020 
(ANR10 LABX56).

The Ecrins National Park helps field surveys since the early 2000s.
The Swiss Permafrost Monitoring Network PERMOS is financially supported by MeteoSwiss in the frame-

work of GCOS Switzerland, the Federal Office for the Environment, and the Swiss Academy of Sciences. PERMOS 
acknowledges the important contribution of the partner institutions and principal investigators.

The time series for Central Asian rock glaciers was compiled with the ESA Permafrost_CCI project 
(4000123681/18/I-NB).

The time series for the Dry Andes was supported by the Centro de Estudios Avanzados en Zonas Ári-
das (CEAZA) and the Leading House for the Latin American Region (University of St. Gallen), grant number 
MOB1829.

2.c.4 Lake Ice Cover
We thank Alexander Mills, Huaxia Yao, Lars Rudstam, Mr. Miyasaka, Ichiro Matsuzaki, Greg Sass, Don 

Pierson, the Minnesota Department of Natural Resources, North Temperate Lakes Long-Term Ecological Re-
search Network, and citizen scientist contributors from the Community Lake Ice Collaboration for providing 
ice phenology records for their local lakes each winter. 

Funding was provided by Natural Sciences Engineering and Research Council Discovery Grant to S. Sharma.
T. Nõges was supported by the Estonian Environment Agency and Estonian Research Council project 

PRG709. 

2.c.5 NH Snow Cover
This work is funded in part by NOAA’s Climate Data Record (CDR) Program at the National Centers for 

Environmental Information.

2.d.1 Surface Humidity
Kate Willett was supported by the Met Office Hadley Centre Climate Programme funded by BEIS and Defra.   

Adrian Simmons and David Lavers were supported by the Copernicus Climate Change Service implemented 
by ECMWF on behalf of the European Commission.

2.d.5 Land Based Precipitation Extremes
Stephen Blenkinsop is supported by the UK Natural Environment Research Council (NERC) funded FUTURE-

STORMS project, grant no. NE/R01079X/1.

2.d.6 Cloudiness
Thank you to the following for providing data for this analysis:
Larry Di Girolamo – University of Illinois at Urbana-Champaign, Illinois
Guangyu Zhao – University of Illinois at Urbana-Champaign, Illinois
Sunny Sun-Mack – Science Systems and Applications, Inc., Hampton, Virginia
Martin Stengel – Deutscher Wetterdienst, Offenbach, Germany

Brought to you by UNIVERSITY OF SOUTHAMPTON HIGHFIELD | Unauthenticated | Downloaded 09/21/22 01:59 PM UTC



S1122 . G L O BA L  C L I M AT EAU G U S T  2 0 2 2  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 1

2.d.7 Runoff and River Discharge
This work (research) was supported by the National Research Foundation of Korea (NRF) grant Funded 

by the Korea Government (MSIT) (2021H1D3A2A03097768) and the Japan Society for the Promotion of Science 
KAKENHI (21H05002) for this contribution.

2.d.8 Groundwater and Terrestrial Water Storage
M. Rodell and D. Wiese were supported by NASA’s GRACE-FO Science Team.
They also thank the German Space Operations Center of the German Aerospace Center (DLR) for providing 

nearly 100% of the raw telemetry data of the twin GRACE satellites.

2.d.9 Soil Moisture
This work was supported by the ESA Climate Change Initiative Soil Moisture project. 

2.d.10 Drought
Tim Osborn received funding from UK NERC (NE/S015582/1).
Ian Harris received funding from UK National Centre for Atmospheric Science (NCAS). 
The research presented in the drought section was carried out on the High Performance Computing Cluster 

supported by the Research and Specialist Computing Support service at the University of East Anglia.

2.d.11 Land Evaporation
D. G. Miralles acknowledges support from the European Research Council (ERC) under grant agreement 

no. 715254 (DRY–2–DRY).
M. F. McCabe is supported by the King Abdullah University of Science and Technology.

2.e.1 Mean Sea Level Pressure and Related Modes of Variability
David Fereday was supported by the Met Office Hadley Centre Climate Programme funded by BEIS.

2.e.2 Surface Winds
C. Azorin-Molina was supported by CSIC-UV-GVA and funded by RTI2018-095749-A-I00, AICO/2021/023, 

Leonardo-FBBVA and the CSIC Interdisciplinary Thematic Platform PTI-CLIMA. R. J. H. Dunn was supported 
by the Met Office Hadley Centre Climate Programme funded by BEIS. L. Ricciardulli was supported by NASA 
Ocean Vector Wind Science Team grant 80HQTR19C0003.

2.e.3 Upper Air Winds
We thank Martin Weissmann and Anne Martin (both University of Vienna) for their support in estimating 

the impact of Aeolus data on global analyses in the Tropics and Michael Rennie (ECMWF) for provision of data.

Brought to you by UNIVERSITY OF SOUTHAMPTON HIGHFIELD | Unauthenticated | Downloaded 09/21/22 01:59 PM UTC



S1132 . G L O BA L  C L I M AT EAU G U S T  2 0 2 2  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 1

Sidebar 2.1 Lightning
The work of M. Füllekrug was sponsored by the Royal Society (UK) grant NMG/R1/180252 and the Natural 

Environment Research Council (UK) under grants NE/L012669/1 and NE/H024921/1. 
E. Williams is supported for studies on global circuit response to climate change from the Physical and 

Dynamic Meteorology Program at the National Science Foundation on grant no. 6942679. 
C. Price was supported in his lightning research by the Israel Science Foundation (ISF) grant 2701/17 and 

the Ministry of Energy grant no. 220-17-002.
S. Goodman was supported by NASA Grant 80NSSC21K0923 and NASA Contract 80GSFC20C044.
K. Virts is supported in part by the GOES-R Series Science, Demonstration, and Cal/Val Program at Marshall 

Space Flight Center. 
D. Buechler is supported by the NASA MSFC/UAH Cooperative Agreement NNM11AA01A.
The authors wish to thank Peter Thorne at Maynooth University in Ireland and at the European Centre 

for Medium Range Weather Forecast (ECMWF) for suggesting and initiating this work and for recommending 
that lightning be made an essential climate variable. 

The data used to generate Fig. SB2.1 are available from the NASA Global Hydrometeorology Resource 
Center DAAC, Huntsville, Alabama.

The data used to generate Fig. SB.2.2 are provided by WWLLN to GHRC as part of GLM cal/val activities.

2.f.1 Earth Radiation Budget
This research has been supported by the NASA CERES project. 
The NASA Langley Atmospheric Sciences Data Center processed the instantaneous Single Scanner Footprint 

(SSF) data used as input to EBAF Ed4.1 and processes the FLASHFlux TISA version 4A.

2.g.4 Stratospheric Ozone
Carlo Arosio, Melanie Coldewey-Egbers, Daan Hubert, Diego Loyola, Viktoria Sofieva, Alexei Rozanov, and 

Mark Weber are grateful to ESA’s Climate Change Initiative Ozone (CCI+) project and to the EU Copernicus 
Climate Change Service, 312b Lot4 Ozone project for supporting the generation and extension of the GTO-ECV 
total ozone and SAGE-CCI-OMPS data records.

Stacey M. Frith is supported by the NASA Long Term Measurement of Ozone program WBS 479717.
Lucien Froidevaux’s contribution, with the assistance of Ryan Fuller, was performed at the Jet Propulsion 

Laboratory, California Institute of Technology, under contract with NASA. 
Daan Hubert acknowledges the partial support by the EU/ERC Horizon 2020 project GAIA-CLIM.

2.h.1 Albedo
The authors thank Mirko Marioni for his technical support and NASA’s Land Processes Distributed Active 

Archive Center (LP DAAC) for providing access to the remote sensing data.

2.h.2 Terrestrial Vegetation Dynamics
The author thanks Mirko Marioni for his technical support and the providers of the remote sensing dataset 

needed to perform this research, i.e., the SeaWiFS Project (Code 970.2) and the Goddard Earth Sciences Data 
and Information Services Center/Distributed Active Archive Center (Code 902) at the Goddard Space Flight 
Center, Greenbelt, Maryland     . 

MERIS products were processed at the Grid On Demand facility of European Space Agency (ESA/ESRIN) 
using JRC software code. 

The standard Two-stream Inversion Package (JRC-TIP) datasets were produced on JRC Big Data Analytics 
Platform (BDAP).

Brought to you by UNIVERSITY OF SOUTHAMPTON HIGHFIELD | Unauthenticated | Downloaded 09/21/22 01:59 PM UTC



S1142 . G L O BA L  C L I M AT EAU G U S T  2 0 2 2  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 1

2.h.4 Phenology
Debbie Hemming acknowledges support from the Met Office Hadley Centre Climate Programme funded 

by BEIS and the Met Office Climate Service on Food, Farming and Natural Environment funded by Defra, and 
thanks all co-authors for their interesting and helpful contributions and Robert Dunn for his expertise final-
izing the figures for this section. 

Taejin Park acknowledges support from the NASA Earth Science Directorate (grants NNX16AO34H and 
80NSSC18K0173-CMS).

Andrew Richardson acknowledges support from the National Science Foundation through the Macrosys-
tems Biology (award 1702697) and LTER (award 1832210) programs.

John O’Keefe also acknowledges support from the National Science Foundation through the LTER (award 
1832210) program.

Nature’s Calendar (Woodland Trust) in the UK thanks all its volunteer recorders and support from players 
of People’s Postcode Lottery.

De Natuurkalender (Nature’s Calendar) program in the Netherlands thanks all the volunteers and school 
children in the GLOBE program for their many observations.

Annette Menzel and Ye Yuan acknowledge support from the Bavarian State Ministry of Science and the 
Arts in the context of the Bavarian Climate Research Network (BayKlif) (BAYSICS project - Bavarian Citizen 
Science Portal for Climate Research and Science Communication).

Orlane Anneville acknowledges support from INRAE.
Stephen Thackeray thanks Werner Eckert, Heidrun Feuchtmayr, Shin-Ichiro Matsuzaki, Linda May, Ryuichiro 

Shinohara, Jan-Erik Thrane, Piet Verburg, Tamar Zohary, and all field and lab workers associated with the 
provision of the lake chlorophyll-a data.

We acknowledge funding from Vassdragsforbundet for Mjøsa med tilløpselver (https://www.vassdrags-
forbundet.no/om-oss/) and Natural Environment Research Council award number NE/R016429/1 as part of 
the UK-SCAPE programme delivering National Capability. 

Data for Lakes Geneva and Bourget were contributed by The Observatory on LAkes (OLA), © SOERE 
OLA-IS, AnaEE-France, INRAE of Thonon-les-Bains, CIPEL, CISALB. 

2.h.5 Vegetation Optical Depth
W. Dorigo, R.M. Zotta, and L. Moesinger, acknowledge the TU Wien Wissenschaftspreis 2015, a personal 

grant awarded to W. Dorigo.
We also acknowledge support from the ESA Climate Change Initiative Soil Moisture project.

Brought to you by UNIVERSITY OF SOUTHAMPTON HIGHFIELD | Unauthenticated | Downloaded 09/21/22 01:59 PM UTC



S1152 . G L O BA L  C L I M AT EAU G U S T  2 0 2 2  |  S t a t e  o f  t h e  C l i m a t e  i n  2 0 2 1

Appendix 1: Chapter 2 – Acronyms
AAO 		  Antarctic Oscillation
AATSR 		  Advanced Along Track Scanning Radiometer
ALEXI 		  Atmosphere–Land Exchange Inverse
ALT 			  active layer thickness
AMSRE-E 		  Advanced Microwave Scanning Radiometer
AO 			   Arctic Oscillation
AOD 		  aerosol optical depth
ATSR 		  Along Track Scanning Radiometer
AVHRR 		  Advanced Very High Resolution Radiometer
BDC 		  Brewer-Dobson circulation
BRW 		  Barrow Atmospheric Baseline Observatory
C3S 			  Copernicus Climate Change Service
CALIOP 		  Cloud-Aerosol Lidar with Orthogonal Polarization
CAMS 		  Copernicus Atmosphere Monitoring Service
CAMSRA 		  Copernicus Atmosphere Monitoring Service Reanalysis
CCMI 		  Chemistry Climate Model Initiative
CEI 			   Climate Extremes Index
CERES 		  Clouds and the Earth’s Radiant Energy System
CFC 			  chlorofluorocarbon
CH4 			  methane
Cl 			   chlorine
CO 			   carbon monoxide
CO2 			  carbon dioxide
CPT 			  cold-point tropopause
CRU TS 		  Climatic Research Unit gridded Time Series
DDM 		  drainage direction map
DU 			   Dobson unit
EA 			   Eurasia
ECV 			  essential climate variable
EESC 		  equivalent effective stratospheric chlorine
EESC-A 		  equivalent effective stratospheric chlorine-Antarctic
EESC-M 		  equivalent effective stratospheric chlorine-Midlatitude
ENSO 		  El Niño–Southern Oscillation
EOFs 		  empirical orthogonal functions
EOS 			  end of season
ERB 			  Earth’s radiation budget
ESA CCI SM 	 European Space Agency’s Climate Change Initiative for 

			   Soil Moisture
ET 			   evapotranspiration
ETCCDI 		  WMO Expert Team in Climate Change Detection and Indices
FAPAR 		  Fraction of Absorbed Photosynthetically Active Radiation
FF 			   fossil fuel
GCOS 		  Global Climate Observing System
GFAS 		  Global Fire Assimilation System
GFED 		  Global Fire Emissions Database
GGGRN 		  NOAA’s Global Greenhouse Gas Reference Network
GHCN 		  Global Historical Climatology Network
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GHCNDEX 		  Global Historical Climatology Network-Daily database
GIN-P 		  Global Terrestrial Network for Permafrost
GLEAM 		  Global Land Evaporation Amsterdam Model
GMST 		  global mean surface temperature
GNSS 		  Global Navigation Satellite System
GPCC 		  Global Precipitation Climatology Centre
GPCP 		  Global Precipitation Climatology Project
GPS-RO 		  Global Positioning System-Radio Occultation
GRACE 		  Gravity Recovery and Climate Experiment
GRACE-FO 		 Gravity Recovery and Climate Experiment - Follow On
GTN-P 		  Global Terrestrial Network for Permafrost
HFCF 		  hydrochlorofluorocarbon
HFC 			  hydrofluorocarbon
HIRS 		  High Resolution Infra Red Radiation Sounder
HWF 		  heat wave frequency
HWM 		  heat wave magnitude
IOD 			  Indian Ocean dipole
IPA 			   International Permafrost Association
ITCZ 		  Intertropical Convergence Zone
LLGHG 		  long-lived greenhouse gases
LSA-SAF 		  Land Surface Analysis Satellite Applications Facility
LSWT 		  lake surface water temperature
LTT 			  lower tropospheric temperature
LWL 		  lake water level
MACC 		  Monitoring Atmospheric Composition and Climate
MAT 		  marine air temperature
MBL 		  marine boundary layer
MHW 		  marine heatwave
MLO 		  Mauna Loa, Hawaii
MLS 		  Microwave Limb Sounder
MODIS 		  Moderate Resolution Imaging Spectroradiometer
MOPITT 		  Measurement of Pollution in the Troposphere
MSU/AMSU 	 Microwave Sounding Unit/Advanced Microwave Sounding Unit
N2O 			  nitrous oxide
NA 			   North America
NAO 		  North Atlantic Oscillation
NDVI 		  normalized difference vegetation index
NH 			   Northern Hemisphere
NMAT 		  night marine air temperature
O3 			   ozone
ODGI 		  Ozone Depleting Gas Index
ODGI-A 		  Ozone Depleting Gas Index-Antarctic
ODGI-M 		  Ozone Depleting Gas Index-Midlatitude
ODS 		  ozone-depleting substances
OH 			   hydroxyl radical
OLR 		  outgoing longwave radiation
OMI 		  Ozone Monitoring Instrument
PDO 		  Pacific Decadal Oscillation
PSC 			  polar stratospheric cloud
QBO 		  quasi-biennial oscillation
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QTP 			  Qinghai-Tibetan Plateau
RFaci 		  radiative forcing resulting from aerosol–cloud interactions
RFari 		  radiative forcing resulting from aerosol–radiation
RGK 		  rock glacier kinematics
RH 			   relative humidity
RO 			   radio occultation
RSW 		  reflected shortwave
SAM 		  Southern Annular Mode
SAR 			  Synthetic Aperture Radar
SCE 			  snow cover extent
scPDSI 		  self-calibrating Palmer Drought Severity Index
SH 			   Southern Hemisphere
SLSTR 		  Sea and Land Surface Temperature Radiometer
SOI 			  Southern Oscillation Index
SORCE 		  Solar Radiation and Climate Experiment
SOS 			  start of season
SPO 			  South Pole Observatory
SSM/I 		  Special Sensor Microwave/Imager
SSMIS 		  Special Sensor Microwave Imager/Sounder
SST 			  sea surface temperature
SSU 			  Stratospheric Sounding Unit
SW 			   shortwave
TCWV 		  total column water vapor
TIR 			   thermal infrared
TLS 			  lower stratospheric temperature
TOA 		  top of the atmosphere
TSI 			   total solar irradiance
TSIS-1 		  Total Solar and Spectral Irradiance Sensor-1
TTL 			  tropical tropopause layer
TTT 			  tropical tropospheric temperature
TWS 		  terrestrial water storage
UTH 		  upper tropospheric (relative) humidity
UV 			   ultraviolet
VOC 		  volatile organic compound
VOD 		  vegetation optical depth
VODCA 		  vegetation optical depth Climate Archive
WGMS 		  World Glacier Monitoring Service
WMO 		  World Meteorological Organization
WV 			  water vapor 
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Appendix 2: Supplemental Material
2.b.1 Surface Temperature

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

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

Fig. A2.4. HadCRUT5 surface temperature anomalies (°C; 1991–2020 base period).
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2.b.2 Lake Surface Temperature

Fig. A2.5. Spatial distribution of the 2021 LSWT anomalies (°C) for Lake Superior, Huron, 
and Michigan in North America (1996–2016 base period).
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Fig. A2.6. Anomalies of (a) TX90p and (b) TN10p from ERA5 (1981–2010 base period).

2.b.4 Land Surface Temperature Extremes Indices
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Fig. A2.7. Rank plots highlighting locations where the highest maximum temperature 
(TXx) and lowest minimum temperature (TNn) in 2021 were among the highest or 
lowest three on record.
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Appendix Table 2.1. Selected extreme temperatures in 2021 relevant to the events discussed in the text. 
Additional records are presented in the WMO State of the Global Climate in 2021 (WMO 2022).

Location Country Date Value Notes

Clot del Tuc de la Llança Spain 6 Jan −34.1
National minimum record, coldest since 

station records began in 1956 

Houston Texas, USA 16 Feb −11 Coldest since 1989

Dallas Texas, USA 16 Feb −18.9 Coldest since 1930

Strasbourg France 31 Mar 26.3 March maximum record 

Rheinau-Memprechtshofen Germany 31 Mar 27.2 National March maximum record 

Orléans France 6 Apr −5.4 April minimum record

Chalon-sur-Saône France 7 Apr −5.4 April minimum record 

Orange France 8 Apr −3.2 April minimum record

Nova vas na Blokah Slovenia 7 Apr −20.6 April minimum record

Moscow Russia 23 Jun 34.8 June maximum record

Yerevan Armenia 24 Jun 41.1 June maximum record

Baku Azerbaijan 26 Jun 40.5 June maximum record

Lytton
British Columbia, 

Canada
29 Jun 49.6 National record (by 4.6°C)

Utsjoki- Kevo Lapland, Finland 5 Jul 33.6 Highest maximum since 1914 

Death Valley California, USA 9 Jul 54.4
Equal to hottest maximum temperature 

since at least 1930s.

Esashi
Iwate Prefecture, 

Japan
19 Jul 37.3 Equal to station record 

Cizre Turkey 20 Jul 49.1 National maximum record

Tbilisi Georgia 20 Jul 40.6 National maximum record

Castlederg Northern Ireland 21 Jul 31.3 Maximum record

Rafha Saudi Arabia 24 Jul 50.6 —

Dammam Saudi Arabia 31 Jul 50.4 Equal maximum record (set 2020)

Kairouan Tunisia 2 Aug 50.3 National maximum record

Syracuse Italy 11 Aug 48.8 Provisional European maximum record

Montoro Cordoba, Spain 14 Aug 47.4 National maximum record

Makrakomi Ftiotida Greece 2 Aug 46.3 National maximum record
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2.d.1 Surface Humidity

Fig. A2.8. ERA5 surface specific humidity annual average anomalies (g kg−1) for 2021 
(1991–2020 base period).

Fig. A2.9. MERRA2 surface specific humidity annual average anomalies (g kg−1) for 
2021 (1991–2020 base period).
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Fig. A2.10. ERA5 surface relative humidity annual average anomalies (%rh) for 2021 
(1991–2020 base period).

Fig. A2.11. MERRA2 surface relative humidity annual average anomalies (%rh) for 2021 
(1991–2020 base period).
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2.d.5 Land based Precipitation Extremes

Appendix Table 2.2. Selected extreme precipitation events in 2021. The value column shows the recorded amount 
and accumulation period. Events are listed in the order referred to in the text. Events noted as records are for 
the location listed unless otherwise stated.

Location Country Date Value Notes

Paso Robles Airport, 
California

United States 25 Oct
39 mm 
(24-h)

Record 24-h total for October

Abbotsford Canada 14 Nov
100.4 mm 

 (24-h)
Record 24-h total

New York City United States 1 Sep
80 mm 
(1-h)

Hurricane Ida set record 1-h total, breaking record 
of 49 mm set by Henri earlier in the month

Newark, New Jersey United States 1 Sep
213.6 mm 

(24-h)
Record 24-h total

Wipperfurth-Gardenau Germany 14–15 Jul
162.4 mm 

(24-h)
Record 24-h total

Gävle Sweden 17–18 Aug
161.6 mm 

(24-h)
Record 24-h total

Kindee Bridge,  
New South Wales

Australia 20 Mar
283.4 mm 

(24-h)
Record 24-h total for March

Samuel Hill Aero, 
Queensland

Australia 10 Nov
340.8 mm 

(24-h)
Record 24-h total for November  

(> 3 times previous record)

Newbicup,  
Western Australia

Australia 12 Apr
74.0 mm 

(24-h)
Record 24-h total for April

Zhengzhou,  
Henan Province

China 20 Jul
201.9 mm  

(1-h)
Typhoon In-fa. 1-h total reported as national record 

for mainland China

Taiyuan, Shanxi Province China 2–7 Oct
185.5 mm  

(12-h)
Regional record 12-h total for October

Beira Mozambique 23 Jan
250 mm 
(24-h)

Close to regional monthly average rainfall 
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2.d.10 Soil Moisture

Fig. A2.12. ESA CCI soil moisture monthly average soil moisture anomalies (m3 m−3) for 2021 (1991–2020 base period). Data 
are masked where no retrieval is possible or where the quality is not assured and flagged due to dense vegetation, frozen 
soil, radio frequency interference, etc.
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Fig. A2.13. (a–l) VODCA monthly Ku-band VOD anomalies (m3 m−3) for 2021 (1991–2020 base period).

2.h.5 Vegetation Optical Depth
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Fig. A2.14. Difference in average Ku-band VOD between the years 2021 and 2020. 
Brown/green colors indicate areas where VOD in 2021 was lower/higher than in 2020. 
(Source: VODCA.)
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