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Drought intensity and duration in southern California, USA during the 21st century has been exceptional, and the
changing climate dynamics of drought in this arid and semiarid region have been linked to anthropogenic
warming. We examine the frequency, intensity, and persistence of drought in southern California’s two climatic
divisions during 1900-2022 and use the monthly instrumental record of the Palmer Drought Severity Index
(PDSI) to track how drought events have changed. We introduce an empirical definition of “hot drought” by
combining mean summer PDSI values with standardized scores of mean summer minimum temperature.
Droughts in southern California, USA have become increasingly more severe, frequent, and long-lived in the 21st
century. Moderate drought conditions (PDSI < —2) were recorded during more than half of the months in the
decade ending in 2020. Similarly, hot droughts, droughts associated with both water deficits and significantly
above-normal temperatures, have become increasingly frequent in recent decades. By the 21st century, hot
droughts were occurring in approximately half of the summers. Our findings support the idea that anthropogenic
warming results in a changing drought climatology for arid and semiarid regions of southern California and that
hot droughts will likely become the dominant drought type.

1. Introduction

The persistence and intensity of drought in southern California, USA
during the 21st century have been unprecedented. Williams et al. (2022,
p. 232) describe the 2000-2021 period as a “megadrought” in the
southwestern United States and “the driest 22-yr period since at least
800”. While the exceptionally wet winter of 2022-2023 returned soil
moisture conditions to above normal in southern California, there are
concerns that the processes controlling the spatiotemporal patterns of
drought have changed due to human activities, such that we must now
recognize the existence of “anthropogenic drought” (AghaKouchak
et al., 2021). Indeed, Williams et al. (2020, p. 318) conclude that, in the
absence of human influences, the 21st-century megadrought would
likely not have been as extreme, and that future droughts may follow a
trajectory of enhanced persistence and severity “relative to the range of
natural multidecadal variability”.

The idea that humans are changing drought dynamics through
greenhouse gas-related warming was discussed in the early 21st century
by Breshears et al. (2005, p. 15144) who called this evolving drought

type a “global-change-type-drought”. Similarly, Overpeck (2013, p.
350) editorialized on how anthropogenic changes are contributing to
drought enhancement in North America and described these as “hot
droughts”. While hot droughts could be defined in various ways using
either instrumental measurements of temperature and precipitation or
drought indices derived from empirical measurements, the general idea
is that the water demand (i.e., evapotranspiration) increases beyond the
normal supply from precipitation in association with above-normal
temperature, creating deficits in soil moisture that in turn negatively
impact ecosystems processes, agriculture, and a suite of human activ-
ities. For example, flows in the Colorado River in the 21st century were
reduced by 19% in association with an extended hot drought (Udall and
Overpeck 2017) and Fettig et al. (2019) report extensive (e.g., 46% in
lower elevations and 60% in higher elevations) tree mortality in their
central and southern Sierra Nevada, California study sites following the
severe drought of 2012-2015. Cheng et al. (2019) demonstrate through
a modeling approach that the processes driving hot droughts can include
positive feedbacks, such that extended heat waves in the southwestern
United States create upward fluxes of sensible heat that further enhance
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surface rates of evapotranspiration. Similar processes have been iden-
tified in Europe during extreme summer droughts of the 21st century
(Teuling 2018), and drought events in China have increased since the
mid-20th century in the absence of any significant changes in precipi-
tation, leading to the conclusion that anthropogenic warming is driving
a changed climate where hot droughts are more prevalent (Chen and
Sun 2017).

Drought in western North America (e.g., Stahle et al., 2007), and
California specifically (e.g., Williams et al., 2015), is a natural compo-
nent of our climate system. Tree-ring-based analyses extend our record
of drought in southern California to 800 CE (e.g., Robeson 2015) and can
be used to place more recent droughts into a historical climatic
perspective. Megadroughts — droughts that are significant in terms of
both intensity and multi-decadal duration — have occurred multiple
times in the proxy-reconstructed record (Williams et al., 2020).
Droughts of this intensity and longevity in modern times produce a suite
of significant and negative impacts on human activities, including food
insecurity, increased wildfire intensity, reduced water supply,
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air-quality issues, and decreased water quality for fisheries (Swain et al.,
2014). Within ecosystems, megadroughts can result in widespread
die-off of vegetation and create substantive changes in the structure and
function of forest ecosystems through post-drought effects or “drought
legacies” whereby current drought impacts manifest in negative impacts
during future droughts (Miiller and Bahn 2022, p. 5086). If the spatio-
temporal patterns and driving processes of drought are undergoing
substantive changes within a region as ecologically sensitive and densely
populated as southern California, this raises concerns about how such
changes may vector in the future.

Here we examine temporal patterns of drought frequency, intensity,
and persistence in two climatologically distinct (one largely arid, one
largely semiarid) climatic divisions of southern California using the
instrumental data record of the 20th and 21st centuries. We document
how the dynamics of drought have changed temporally in association
with anthropogenic warming through an analysis of summer drought
conditions that includes an empirical definition of “hot drought”
incorporating both drought intensity and temperature anomalies.
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Fig. 1. Study area showing climatic division boundaries in California (A, public domain data source https://psl.noaa.gov/data/usclimdivs/boundaries.html), digital
elevation model (B), Koppen climate types (C, public domain data source https://hub.arcgis.com/documents/al209a5383c04efl8addealel0abl0e5/about), and
major deserts (D, public domain data source Deserts: https://water.usgs.gov/GIS/metadata/usgswrd/XML/sir045205_deserts_sw.xml).
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Additionally, we examine patterns of upper-level (500 hPa geopotential
heights) flow for summer droughts to determine how the broad-scale
forcing mechanisms are influencing the surface patterns.

2. Materials and methods
2.1. Study area and climate classification

We used Palmer Drought Severity Index (PDSI; Palmer, 1965) data
from the South Coast Drainage (hereafter CD6) and Southeast Desert
Basins (hereafter CD7) Climate Divisions of California (Fig. 1) to char-
acterize long-term drought conditions. These two climatic divisions
range from 32 to 35 °N (CD6) and 32-37 °N (CD7) and cover all southern
California from the Pacific Ocean to the Arizona and Nevada borders,
and for CD7 is comprised of the Mojave, Colorado/Sonoran, and Great
Basin Desert regions (Kauffman, 2003). Both climatic divisions are
topographically diverse with elevations ranging from sea level (or less)
to mountain ranges with peaks over 3500 m. Comprising a population of
approximately 22 million (US Census Bureau, 2022) the study area in-
cludes the major population centers of Los Angeles (3,822,238), San
Diego (1,381,362), Anaheim (344,461), and Riverside (320,764) (http
s://www.california-demographics.com/cities_by_population).

Using the Koppen system (http://www.meteotemplate.com/temp
late/plugins/climateClassification/koppen.php), CD6 (Fig. 1) is pre-
dominantly classified as a Hot Summer Mediterranean climate (Csa)
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Fig. 2. Climographs showing mean monthly total precipitation (vertical bars)
and mean monthly minimum, maximum, and mean temperatures (lines) for
CD6 (A) and CD7 (B). Observations are from 1901 to 2022.
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characterized by hot, dry summers and mild, wetter winters (Figs. 1c
and 2a). The majority of CD7 classifies as a Hot Desert Climate (BWh,
Fig. 1c) and displays a similar annual pattern of temperature and pre-
cipitation, but with less annual precipitation (155 mm) than CD6 (439
mm) and more extreme summer temperature (maximum temperatures
of 35 °C versus 30 °C; Fig. 2b). While similar in terms of the annual
progression of heat and moisture, the regions encompassing CD6 and
CD?7 are climatologically distinct and spatially expansive, thus providing
for an excellent geographic representation of arid and semiarid climates
of the southwestern United States. Summer aridity in CD6 and CD7 is
caused by the influence of the stable, eastern side of the North Pacific
High, while a winter maximum of precipitation is delivered principally
from mid-latitude wave cyclones. Precipitation is less in CD7 due to a
combination of rainshadow effects and continentality.

2.2. PDSI data

The PDSI is referred to as a measurement of “meteorological”
drought as it is faster to respond to inputs of precipitation than the
Palmer Hydrological Drought Index and slower than the Palmer Z-Index
(https://www.ncei.noaa.gov/access/monitoring/historical-palmers
/overview). The Palmer indices consider both the meteorological supply
of moisture via monthly precipitation and the demand (i.e., evapo-
transpiration) based largely on temperature (Palmer 1965; Soulé 1992).
PDSI values for any given month are water-balanced based, account for
antecedent soil moisture conditions, and ultimately are designed to
reflect deviations from mean climatic conditions for specific regions and
their climate types (Palmer 1965). The PDSI is centered on zero
(near-normal), with negative values of the index reflecting moisture
deficits or drought, and positive values representing above-normal
moisture (Palmer 1965). The larger the absolute value of the index,
the more extreme the drought (wetness). The PDSI is a frequently used
metric for characterization of regional climatic conditions (e.g., Aiken
and Rauscher 2020), and is used in tree-ring research in climate/growth
analyses (e.g., Liu et al., 2017). Bias-corrected values of the PDSI are
available monthly back to 1895 from NOAA’s Physical Science Labo-
ratory (https://psl.noaa.gov/data/timeseries/).

We used a 122-year record of the PDSI (1901-2022) as that allowed
for the calculation of drought conditions for four 30-year climatic
normal periods aligned with those calculated by the National Oceanic
and Atmospheric Administration (NOAA; e.g., 1991-2020; https
://www.ncei.noaa.gov/products/land-based-station/us-climate-n
ormals periods). We followed the methods first outlined by Diaz (1983)
and defined a drought event as any period with three or more consec-
utive months with PDSI values < —2 (qualitatively “moderate drought”
per Palmer 1965). We tabulated the number of drought events for the
30-year periods 1901-1930, 1931-1960, 1961-1990, and 1991-2020.
We calculated the mean monthly length and mean severity of drought
events for these four 30-year periods. We also counted the number of
months per year with PDSI < —2 annually and then tabulated these by
decade and for the 30-year periods. We tested for long-term
(1901-2020) trends in the decadally-averaged number of drought
events using Kendall’s Tau-B (tp).

2.3. Summer drought, hot summer drought, and 500 hPa geopotential
height anomalies

We based the occurrence of summer (i.e., June-August) drought (SD)
and “hot” summer drought (HSD) on mean summer PDSI values, and
additionally for HSDs, mean summer minimum temperatures (obtained
from: https://psl.noaa.gov/cgi-bin/data/timeseries/timeseries1.pl),
from CD6 and CD 7 for the period 1901-2022. We tested for long-term
(1901-2022) trends in mean summer PDSI values and mean summer
minimum temperatures using Kendall’s Tau-B. We defined a SD as any
year with a mean summer PDSI < —2 and a HSD as any summer with
both a mean summer PDSI < —2 and a mean minimum temperature


https://www.california-demographics.com/cities_by_population
https://www.california-demographics.com/cities_by_population
http://www.meteotemplate.com/template/plugins/climateClassification/koppen.php
http://www.meteotemplate.com/template/plugins/climateClassification/koppen.php
https://www.ncei.noaa.gov/access/monitoring/historical-palmers/overview
https://www.ncei.noaa.gov/access/monitoring/historical-palmers/overview
https://psl.noaa.gov/data/timeseries/
https://www.ncei.noaa.gov/products/land-based-station/us-climate-normals
https://www.ncei.noaa.gov/products/land-based-station/us-climate-normals
https://www.ncei.noaa.gov/products/land-based-station/us-climate-normals
https://psl.noaa.gov/cgi-bin/data/timeseries/timeseries1.pl

P.T. Soulé and P.A. Knapp

standardized score (i.e., z-score) > 1, which is 1.1 °C above the mean for
both CD6 and CD7. We used minimum temperatures as the 1901-2022
trend was greater than for maximum temperatures by approximately
0.55 °C/century and thus, exceptionally warm (i.e., “hot”) summers
were better identified using this metric. We determined mean drought
severity between SD and HSD years using an independent samples dif-
ference of means t-test. To evaluate the meteorological forcing mecha-
nisms associated with drought in southern California, we examined 500
hPa geopotential height anomalies and surface temperature anomalies
concurrent with the ten most extreme SD years and ten most extreme
HSD years, both defined by the lowest mean summer PDSI values. We
mapped the upper-level and surface temperature anomalies using the
NCEP/NCAR Reanalysis Program (data available from 1948 to 2022;
https://psl.noaa.gov/cgi-bin/data/composites/). This period excluded
only one SD (1934, CD7) and we replaced that year with the next-most
severe drought (2004).

3. Results
3.1. Drought conditions by 30-year climatic normal periods

The most dramatic finding from the 30-year climatic normal period
analyses of drought is the number of months when PDSI values are < —2
(moderate drought or worse; Table 1). For CD6, 8.9% of the months in
the first 30-year period of the 20th century reached this threshold, but
by the 1991-2020 period that had increased to 43.6%. While the desert
climate of CD7 is comparatively more drought-prone than the Medi-
terranean climate of CD6, the number of months with moderate drought
increased from 15.3% to 52.2%. While the other drought metrics did not
always increase with each 30-year interval, they are generally
increasing, such that by the 21st century droughts in southern California
are occurring more frequently, at greater severity, and are lasting longer
in comparison to early 20th century droughts. We found similar patterns
of drought frequency when evaluating the data in decadal units (Fig. 3),
with the number of months experiencing either moderate drought
conditions or worse increasing from a low of 2.5% in the decade ending
in 1910 to a high of 65.8% in the decade ending in 2020 for CD6 and
from 0% in the decade ending in 1920 to 56.7% in the decade ending in
2020 for CD7. We found significant (p < 0.001) positive trends in the
number of months with PDSI values < —2 per decade for both CD6 (1, =
0.72) and CD7 (1, = 0.75).

3.2. Summer droughts and “hot” summer droughts

In both CD6 and CD7, SDs are more likely to occur than HSDs
(Fig. 4). For CD6, the combined count of SDs (n = 24) and HSDs (n = 13)
was 37 with 10 (77%) HSDs recorded since 2000. In CD7 droughts
occurred more frequently (n = 48, 29 SDs and 19 HSDs) with 13 (68.4%)
of the HSDs occurring in the 21st century. In both CD6 and CD7, the first
HSD was not recorded until 1959, and the increasing frequency of HSDs

Table 1
Characterization of drought in CD6 (boldfaced and italicized) and CD7,
1901-2020 by 30-year climatic normal periods.

30-year # # mean mean longest
period months drought length severity drought
PDSI < events drought drought event (#
-2 events(# events months)
months)
1901-1930 32 3 7.3 —2.33 16
1901-1930 55 5 9.8 —2.44 16
1931-1960 58 5 10.8 -2.8 20
1931-1960 77 7 10.6 -2.92 17
1961-1990 112 15 7.3 -3.03 24
1961-1990 122 12 9.5 —2.68 24
1991-2020 157 7 20.4 —4.13 55
1991-2020 188 13 13 —3.06 31
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Fig. 3. The number of months per decade (e.g., 1901-1910) with PDSI values
< —2 for CD6 (A) and CD7 (B) during 1900-2020.

is concurrent with the increasing trend of summer temperature (Fig. 4).
HSDs were more severe (i.e., more negative PDSI values) than SDs for
both regions. For CD6, mean PDSI values (—5.32) for HSD years were
significantly (p < 0.01) less than mean PDSI values (—3.47) for SD years.
Similarly, for CD7 mean PDSI values (—3.46) for HSD years were
significantly (p < 0.01) less than mean PDSI values (—2.81) for SD years.
We found significant negative (i.e., indicating worse drought severity, p
< 0.001) long-term trends in mean summer PDSI values for CD6 (1, =
—0.32) and CD7 (tp = —0.23). Long-term trends in mean summer
minimum temperatures were positive, stronger (CD 6 1, = 0.53; CD7 1},
= 0.46) and significant (p < 0.001).

3.3. Upper-level height and surface temperature anomalies for SDs and
HSDs

For the 10 most-intense SD years for CD6, the upper-level anomaly
pattern is distinctly different from that experienced during HSD years
(Fig. 5). There is enhanced ridging in northwestern Canada with the axis
peak centered approximately 2800 km north of southern California and
an enhanced summertime Aleutian low. The strong Aleutian low and
negative height anomalies over the Pacific serve to enhance onshore
flow into southern California, resulting in cooler temperatures relative
to HSD years. Surface air temperature anomalies in southern California
during SD years were near-average (z-score = 0.1).

Upper-level (500 hPa) summer temperature anomalies during HSDs
in CD6 are dominated by above-average heights in the northwestern
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Fig. 4. Mean summer (JJA) PSDI values (either black bars or rose bars for HSD years) and mean of summer minimum temperature standardized scores (red line) for

CD6 (A) and CD7 (B), 1901-2022.

United States, with the core anomalies centered in the northern Rocky
Mountains, USA (Fig. 5). In turn, the pattern of ridging results in sub-
sidence, clear skies, and positive surface temperature anomalies in the
same region. While the ridge axis is approximately 1600 km northeast of
southern California, this atmospheric pattern would reduce the influx of
moisture into CD6 from the Pacific Ocean. The frequency of offshore
flow under high pressure conditions is conducive for the formation of
HSDs (i.e., low moisture and high temperature).

CD6 and CD7 share six of the same ten most extreme HSD years, thus
the upper-level and surface temperature anomaly patterns during HSDs
for CD7 (Fig. 6) are similar to those for CD6 (Fig. 5), with enhanced
western ridging resulting in broad-scale positive surface temperature
anomalies. For CD7 summer drought years, there is also enhanced

ridging in northwestern Canada but the summertime height anomaly
over the Aleutian Islands regions is not as extreme as for SD years for
CD6. Temperature anomalies over southern California are largely
neutral.

4. Summary and conclusions

Analyses of the frequency, intensity, and severity of drought in the
United States are common in the climatic literature (e.g., Karl 1983;
Soulé 1992; Strzepek et al., 2010; Chiang et al., 2021). While our ana-
lyses show that droughts in southern California have become more se-
vere, are occurring more frequently, and are of longer duration in the
21st century (Table 1, Figs. 3 and 4), other areas of the United States
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have experienced extreme drought conditions prior to anthropogenic
warming. For example, the areal coverage of moderate or worse (PDSI <
—2) drought-affected land in the United States circa 2005 was similar to
that observed in 1955 and 1935 (approximately 30%; Heim 2017), and
drought conditions (PDSI < —2) in the 1930s in central Kansas persisted
for 63 consecutive months with a mean PDSI intensity of —4.2. Thus,
while long-duration and high-intensity droughts have always been a
part of regional climates in the United States, in southern California the
contrasts between the early decades of the 20th and 21st centuries are
extreme and concur with global observations of increasing frequency,
intensity, and duration of droughts associated with anthropogenic
forcing (Chiang et al., 2021). For CD6, the number of months with PDSI
values < —2 had a 4.9-fold increase from the first (1901-1930) climatic
normal period to the last (1991-2020), and in CD7 more than half of the
months experienced moderate drought conditions or worse by the
1991-2020 period (Table 1). While droughts are, by nature, typically
persistent and long-lived climatic events, there was also an extreme
temporal evolution, as the longest droughts recorded using the threshold
of three or more consecutive months with PDSI < —2 increased by 39
months for CD6, and by 15 months for CD7 from the first to the last
30-year climatic normal periods. The longest recorded drought event in
southern California’s CD6 lasted 4.6 years, (June 2012-December
2016). In contrast, the longest drought in the 20th century in southern
California was two years (March 1989-February 1991) for both CD6 and
CD7.

4.1. Drivers of hot droughts and temporal evolution

The evolution of HSD frequency is concurrent with a long-term
warming trend in southern California that initiated in the late 1970s
with a marked increase beginning in the 2010s. Upper-level synoptic
conditions during the latter period were characterized by a strong
wintertime anticyclonic circulation pattern centered in the Northeast
Pacific informally identified as the “Ridiculously Resilient Ridge”
(Swain et al., 2017, p.12194). During these years, which promoted the
antecedent conditions for summer drought, the anticyclone weakened
during the spring with a development of summertime high pressure
centered over the Northern Rockies of the USA and Canada similar to the
pattern shown in Fig. 5a and 6a. Explanations for wintertime ridge
formation include increased jet stream waviness and persistence asso-
ciated with reduced Arctic Sea ice extent (ASIE) and Arctic amplification
(AA; e.g., Francis and Vavrus, 2012, 2015; Cvijanovic et al., 2017) and
internal climatic variability via the influence of Pacific Ocean temper-
ature anomalies (e.g., Swain et al., 2017).

AA also likely affects summer circulation patterns (Coumou et al.,
2018) that have favored warmer and drier conditions in California.
Since the 1980s, weakened summertime polar jet stream activity asso-
ciated with warmer Arctic temperatures and reduced ASIE has affected
mid-latitude North American circulation patterns (Wu et al., 2023).
Decreased ASIE reduces the temperature contrast between high and
mid-latitude regions resulting in a slower and meridionally amplified jet
stream that is more prone to becoming spatiotemporally persistent
(Francis and Vavrus, 2021). In western North America, the persistence of
quasi-stationary ridges has promoted warmer and drier conditions
linked with increased fire activity (Knapp and Soulé, 2017, Jain and
Flannigan 2021; Zou et al., 2021). We also find empirical evidence of a
link between reduced ASIE (https://nsidc.org/arcticseaicenews/sea-ice
-tools/) in late winter/early spring (mean February-April) and mini-
mum temperature during June-August for both CD6 (r = -0.65, p <
0.01) and CD7 (r = -0.70, p < 0.01) during 1979-2022 suggesting a
lagged effect on summertime temperature may contribute to the
occurrence of HSDs.

The vectors we observed for droughts and HSDs in southern Cali-
fornia (i.e., increased frequency, severity, and persistence) in recent
decades do not guarantee the trends will continue through the third
decade of the 21st century and beyond. While Wang et al. (2022) suggest
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that HSDs will become even more frequent due to the impacts on
upper-level flow from AA/ASIE loss, Deser et al. (2014) and Screen et al.
(2014) argue that internal, or non-anthropogenic, climate variability
makes this difficult to predict, and is complicated when 40-60% of the
total uncertainty of ASIE projections is associated with internal vari-
ability (Bonan et al., 2021). However, our results suggest that anthro-
pogenic drought (AghaKouchak et al., 2021) must now be recognized as
a potential feature of the climatology of southern California, and we
must plan accordingly for a future where extended periods of extreme
moisture deficits may continue to occur.
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