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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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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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(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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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.
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David Fereday was supported by the Met Office Hadley Centre Climate Programme funded by BEIS.

2.e.2 Surface Winds
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by the Met Office Hadley Centre Climate Programme funded by BEIS. L. Ricciardulli was supported by NASA 
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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.
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