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ABSTRACT: California is one of the nation’s top agriculture producers and is vulnerable to extreme events such as
droughts and heat waves. Concurrent extreme events may further stress water and energy resources, exerting greater ad-
verse socioeconomic, environmental, and health impacts than individual events. Here we examine the features of com-
pound drought, heat wave, and dust events in California during spring and summer. From 2003 to 2020, 16 compound
events are found in warm seasons, with a mean duration of ;4 days. Compound events are characterized by enhanced sur-
face temperature up to 4.58C over northern and western California, reduced soil moisture and vegetation density, and an
increase in dust optical depth (DOD) by 0.05–0.1 over central and southern California. The enhanced DOD is largely asso-
ciated with severe vegetation dieback that favors dust emissions and southeasterly wind anomalies that support northward
transport of dust from source regions in southern California. Surface fine dust and PM2.5 concentrations also increase by
more than 0.5 and 5 mg m23, respectively, during compound events associated with both enhanced dust emissions and a rel-
atively stable atmosphere that traps pollutants. The development of the compound events is related to an anomalous high
over the west coast in the lower to middle troposphere, which is a pattern favoring sinking motion and dry conditions in
California. The anomalous high is embedded in a wave train that develops up to 7 days before the events. In comparison
with heat wave extremes alone, compound events show significantly higher DOD and lower vegetation density associated
with droughts.
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1. Introduction

California produces about one-half of all fresh fruits and
vegetables consumed by Americans and supplies about 15%
of U.S. agricultural exports (Christian-Smith et al. 2011). Ex-
treme events, such as droughts and heat waves, have far-
reaching socioeconomic and environmental impacts. Two
recent severe droughts during 2007–09 and 2011–16 (Seager
et al. 2015; Xiao et al. 2017; Ullrich et al. 2018) cost more than
$6 billion through agriculture loss and a large reduction in hy-
dropower production due to low runoff and water storage
(Christian-Smith et al. 2011; Lund et al. 2018).

While most studies focus on the mechanisms and impacts of
individual extreme events, simultaneously occurring climate
extremes, referred to as compound events, have recently come
to attention. Extremely high temperatures accompanied the
2011–16 California drought (e.g., Seager and Hoerling 2014),
and heat waves were reported in June 2008, 2013, and 2016 in
central and southern California (e.g., Lee and Grotjahn 2016).
The co-occurrence of extreme events may intensify the impacts

of individual events, further stressing energy and water resources
and having adverse impacts on environment and human health.
Severe droughts can increase dust emissions over the southwest-
ern United States (Pu and Ginoux 2017), where dust is an impor-
tant component of the total particulate matter below 2.5 mm
(PM2.5) mass in spring and summer (Hand et al. 2017) and can
influence the strength of North American monsoon (Zhao et al.
2012). Such a coexistence of droughts and enhanced dustiness is
also evident in California in the recent decade (Fig. 1).

Substantial increases in concurrent droughts and heat waves are
found over large parts of theUnited States since 1960 (Mazdiyasni
and AghaKouchak 2015). Climate models have projected un-
precedented drying conditions over the southwestern United
States in the late twenty-first century (e.g., Seager and Vecchi
2010; Cook et al. 2015) and increases in heat waves due to in-
creasing greenhouse gas concentrations (Gershunov andGuirguis
2012; Palipane and Grotjahn 2018). While future variations in
dust emissions still have large uncertainties, projections with ob-
servational constraints suggest an increase in dustiness in southern
California during the dry season in association with climate
change (Pu and Ginoux 2017, 2018b). Understanding compound
extreme events in the presentwill help project their future impacts
as they likely becomemore frequent.

In this paper, we focus on concurrent drought, heat wave,
and dust events in California. We will examine the occur-
rence, characteristics, formation, and air quality impacts of
the compound events using satellite products, ground obser-
vations, and reanalyses from 2003 to 2020. The method de-
veloped here may be applied to other regions to understand
compound events.
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2. Background

a. California drought and heat wave

California droughts usually lie within a large-scale context
of droughts in the southwestern United States (Seager 2007;
Hoerling et al. 2010; Seager et al. 2015), where drought is a
“normal part of climate” (Weiss et al. 2009). The underlying
mechanism of drought development is not completely under-
stood, but modeling study indicates that tropical Pacific
Ocean sea surface temperature (SST) controls about one-
quarter of the interannual variability of precipitation in the
Southwest (Seager and Hoerling 2014). An observational study
found that wet conditions in California tend to occur during El
Niño events, while dry conditions are more related to a North
Pacific–North American wave train without obvious SST forcing
(Seager et al. 2015). Overall, SST anomalies drive up to one-
third of California wet season precipitation variance, with ran-
dom atmospheric variability being an additional contribution.

A heat wave, defined as an event with consecutive extremely
hot days, is another type of climate extreme that affects the econ-
omy, public health, and ecosystem in California (Knowlton et al.
2009; Gershunov and Guirguis 2012; Clemesha et al. 2018). The
2006 heat wave over California’s Central Valley cost about $1 bil-
lion in the dairy industry alone (Bilby et al. 2008). Heat waves in
California have been related to anomalous atmospheric circula-
tion changes, such as reduced sea level pressure, anomalous east-
erly wind, and anomalous height at 500 hPa over the northwest
coast (Lau and Nath 2012). Offshore Santa Ana winds (Raphael
2003), which are dry and hot easterly or northeasterly winds
blowing from the deserts that usually occur in autumn and winter
and favor wildfires (Westerling et al. 2004; Conil and Hall 2006;
Hughes and Hall 2010), can sometimes cause California coastal
heat waves (Gershunov et al. 2009; Gershunov and Guirguis
2012). In addition, land surface conditions, such as soil moisture,
land use change, and irrigation, may affect heat waves as well
(Perkins 2015; Grotjahn et al. 2016).

California’s Central Valley is one of the most agriculturally
productive regions and home to more than 5 million people

(Grotjahn 2011). Heat waves in the region have been exten-
sively studied. The development of Central Valley heat waves
is associated with multiple factors, such as adiabatic heating
due to subsidence, radiative heating under clear sky, and
warm advection (Grotjahn 2011; Horton et al. 2016; Palipane
and Grotjahn 2018), while the onset of a heat wave is related
to a ridge–trough–ridge pressure pattern across the North
Pacific and western North America (Grotjahn 2011; Lee and
Grotjahn 2016; Grotjahn and Lee 2016).

The temperature and precipitation extremes are closely re-
lated to each other via land–atmosphere interactions. Drought
favors temperature extremes (Hirschi et al. 2011; Schubert et al.
2014; Mueller and Seneviratne 2012), as reduced soil moisture
prohibits cooling through evapotranspiration (e.g., Zaitchik et al.
2006; Jaeger and Seneviratne 2011). On the other hand, high
temperature further enhances evaporation from soil and inten-
sifies droughts (e.g., Trenberth et al. 2014). Studies found that
droughts are more than twice as likely to occur when the Cali-
fornia precipitation deficit is accompanied by warm conditions
(Diffenbaugh et al. 2015). Understanding conditions favorable
for concurrent drought and heat waves will help provide useful
information for reliable projections.

b. Dust pollution in California and drought

Mineral dust is lifted to the atmosphere from dry and
sparsely vegetated surface by wind. It absorbs and scatters both
solar and terrestrial radiation and thus influences a wide range
of atmospheric and environmental processes (e.g., Cook et al.
2009; Zhao et al. 2012; Painter et al. 2010). Dust particles also
affect air quality. Over the southwestern and central United
States, fine dust (with an aerodynamic diameter ,2.5 mm) con-
tributes about 20%–50% to total PM2.5 mass in spring and sum-
mer (Hand et al. 2017). Severe dust storms degrade visibility
and cause breathing problems and lung diseases, endangering
public transportation and health (e.g., Kolivras and Comrie
2004; Goudie 2009; Schweitzer et al. 2018; Crooks et al. 2016).
Incidences of “valley fever” (caused by a soil-dwelling fungus)

FIG. 1. Dust event frequency and precipitation anomaly in California, showing time series of
the dust event frequency (number of dusty days divided by total number of days of each season,
in percent; lines) from MODIS and precipitation anomaly (in percent with reference to the
2003–20 climatology; bars) from PRECL for each season (green for winter, orange for spring,
magenta for summer, and navy for autumn). Recent drought years are shaded in gray. Correla-
tion coefficients between precipitation and dust event frequency above the 95% confidence level
(t test) are listed (with the color denoting the season).
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in California and Arizona are also associated with dust storms
(e.g., Zender and Talamantes 2006; Tong et al. 2017).

Major dust sources in the United States are located over the
southwestern and the central United States (Prospero et al. 2002;
Ginoux et al. 2012). Over California, dust sources are largely lo-
cated in the central and southeastern parts of the state, including
theMojave and SonoranDeserts in the southeast and croplands in
the Central Valley (Clausnitzer and Singer 1996; Gill 1996; Chow
et al. 1992, 2003). Desiccated lakes, such as Owens Lake and
Mono Lake, are also local dust sources (Ginoux et al. 2012). In ad-
dition, trans-Pacific Asian dust is found along the U.S. West Coast
in spring (e.g., VanCuren and Cahill 2002; Fischer et al. 2009; Yu
et al. 2012; Creamean et al. 2014; Yu et al. 2019; Kok et al. 2021).

Despite different origins of dust, studies found that interan-
nual variations in overall dustiness and surface fine dust con-
centrations in the southwestern United States, including
California, are largely influenced by local precipitation, sur-
face wind speed, and vegetation coverage (Pu and Ginoux
2017, 2018a) that affect dust emissions, transport, and deposi-
tion (e.g., Fécan et al. 1999; Gillette and Passi 1988; Zender
and Kwon 2005; Jin et al. 2021). Surface winds lift dust from
surface and transport it away from source regions, while pre-
cipitation removes small dust particles in the atmosphere by
scavenging and also increases soil moisture, which enhances
soil cohesion and prevents wind erosion. Vegetation increases
surface roughness and reduces near-surface winds; its shade
and root system help sustain soil moisture (e.g., Raupach
1994; Zender et al. 2003), limiting dust emissions.

Precipitation deficit increases surface fine dust concentrations
and overall dustiness in the southwestern United States (Hand
et al. 2017;Achakulwisut et al. 2017; Borlina andRennó 2017; Pu
and Ginoux 2017, 2018a). Such a connection between drought
and dust emissions has long been noticed in different regions,
but to our best knowledge it has not been thoroughly studied in
California. What factors affect dust emissions during severe
droughts? Does dustiness increase during California heat wave
events?Wewill explore these questions in the following analysis.

c. Compound events

Extreme events can occur simultaneously or sequentially in
the same location. Here we refer to the concurrent extreme
events as compound events. Concurrent heat wave and drought
events are reported in California (AghaKouchak et al. 2014),

while enhanced dust pollution during dry periods is also noticed
(Borlina and Rennó 2017). However, little is known about the
features and mechanisms of concurrent drought, heat wave, and
dust pollution events in California. California has a mild, dry
summer and a wet winter from November to April (Fig. 2).
Dust activities peak in spring and summer while temperature
maximizes in summer. Therefore, we focus on compound
events during March–August, when dustiness and temperature
are high and the precipitation rate is relatively low. We will first
identify (section 3) and characterize (section 4a) concurrent
drought, heat wave, and dust events in California and then ex-
amine the favorable large-scale conditions for the development
of compound events (section 4b). We also examine air quality
conditions during compound events (section 4c) and compare
compound events with California heat waves (section 4d). Ma-
jor conclusions are summarized in section 5.

3. Data and method

a. Datasets

The following datasets are used to identify compound events
and characterize their spatial and temporal features and exam-
ine conditions associated with their development.

1) PRECIPITATION

Monthly precipitation data from the Climatic Research
Unit (CRU) time series (TS) 4.05 (Harris and Jones 2020),
available from 1901 to 2020 on a 0.58 3 0.58 grid, are used to
select drought years of California. The gridded data are based
on the analysis of over 4000 individual weather station re-
cords. Precipitation Reconstruction over Land (PRECL;
Chen et al. 2002) from the National Oceanic and Atmospheric
Administration is a global analysis available monthly from
1948 to present at a 18 3 18 resolution. Precipitation from
PRECL is also used for a comparison.

Daily precipitation from the Integrated Multi-satellitE Re-
trievals for GPM (IMERG) Final product (level 3, version 6;
Huffman et al. 2019) on a 0.18 3 0.18 grid from 2003 to 2020 is
used for composite analysis. IMERG is a multisatellite product
using both backward and forward morphing schemes and is
calibrated by Global Precipitation Climatology Centre
(GPCC) monthly gauge analysis. IMERG precipitation has

FIG. 2. Seasonal cycle of monthly precipitation (light and dark blue; mm day21), 2-m tempera-
ture (red and dark red; 8C), DOD (black), and surface fine dust concentrations (gray; mg m23)
from different datasets averaged over California for 2003–20.
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been extensively validated against ground observations glob-
ally and over the United States (e.g., Tan et al. 2016; Dezfuli
et al. 2017; Xu et al. 2017; Tan et al. 2017; Sungmin and
Kirstetter 2018; Cui et al. 2020; Wang et al. 2021). It shows
good correlations with local gauge observations in case stud-
ies in California but underestimates overall magnitude (Wen
et al. 2018). Sungmin and Kirstetter (2018) suggested that IMERG
precipitation can be “a reliable alternative to ground-based
measurements” in the United States, although region-specific
data discrepancies exist. They found that diurnal variations in
precipitation are underestimated over mountainous regions
in the western and eastern United States. The dataset also
tends to underestimate high-end extreme precipitation rates
(Li et al. 2022).

2) TEMPERATURE

Surface 2-m temperatures from the European Centre for
Medium-Range Weather Forecasts (ECMWF) reanalysis
ERA5 (Hersbach et al. 2020) from 1980 to 2020 are used to
identify and characterize California heat waves. ERA5 is the
latest reanalysis product from ECMWF, which provides
hourly variables on an about 31-km resolution. Ground-
based surface temperature observations are assimilated to
ERA5 via its land data assimilation system (Hersbach et al.
2020). The dataset has been used to study heat extremes in
North America (Thompson et al. 2022), Europe (Dirmeyer et al.
2021; Gouveia et al. 2022), and globally (e.g., Freychet et al. 2021;
Rogers et al. 2022; Awasthi et al. 2022; Zhang et al. 2022). Daily
maximum temperature Tmax is calculated from hourly data.
Monthly 2-m temperatures from ERA5 and from the Modern-
Era Retrospective Analysis for Research and Applications, ver-
sion 2 (MERRA-2; Gelaro et al. 2017), are used to examine the
seasonal cycle to identify compound events. Daily sea surface
temperature from ERA5 is used to examine SST anomalies asso-
ciated with compound events.

3) DUST AND PM2.5 CONCENTRATIONS

Dust optical depth (DOD) is column-integrated extinction by
mineral particles and describes overall dustiness. Daily DOD is
retrieved from Moderate Resolution Imaging Spectroradiome-
ter (MODIS) Deep Blue aerosol products (Collection 6.1, level
2; Sayer et al. 2019) using aerosol optical depth (AOD), single-
scattering albedo, and the Ångström exponent (Yu and Ginoux
2021). Note since DOD is a column-integrated variable, it con-
tains dust from both local emissions and remotely transported
dust, although the latter is often smaller near dust source regions.
MODIS DOD products have been used to identify and charac-
terize dust sources (Ginoux et al. 2012; Baddock et al. 2016) and
examine the variations in dustiness in different regions (e.g., Pu
and Ginoux 2016, 2017, 2018b). Daily MODIS DOD from
the Aqua satellite (passing the equator at 1330 local time) on a
0.18 3 0.18 grid is available from 2003 to 2020, so our study also
focuses on 2003–20. The climatology of DOD in March–May,
June–August, and the March–August average along with data
availability are shown in Fig. S1 in the online supplemental
material. During spring and summer, most of the study area has
a data coverage ofmore than 50%of the total number of days.

Dust source regions are identified followingGinoux et al. (2012)
using frequency of occurrence (FoO), which is the number of days
when daily DOD. 0.2 divided by the total number of days. Note
thatwhile there are uncertainties associatedwith dust source detec-
tion via polar-orbiting satellite products due to their relatively low
temporal coverage (Schepanski et al. 2012), studies found that high
DODtends to appearmore frequently over source regions, even in
windy regions such as the Bodélé depression (Ginoux et al. 2010,
2012). Here we focus on March–August. Only regions where
MODIS normalized difference vegetation index (NDVI) , 0.25
(i.e., sparsely vegetated regions) are considered as dust sources fol-
lowingVukovic et al. (2014). Results are similar if using a threshold
of leaf area index less than 0.3. We further separate dust sources
into natural and anthropogenic sources following Ginoux et al.
(2012). Yearly land use from theHistoryDatabase of theGlobal
Environment (HYDE), version 3.2 (Goldewijk et al. 2017), on a
;0. 0883 0.088 grid from 2003 to 2015 is used. Dust source re-
gions with agricultural land use (croplands and pasturelands)
greater than 30% are considered anthropogenic. In addition,
we further mask out the dust source regions with irrigation
area .30% using the MODIS Irrigated Agriculture Dataset
for the United States (MIrAD-U.S.; Pervez and Brown 2010;
Brown and Pervez 2014) on a 1-km resolution (interpolated to
0.183 0.18 grids). In warm-season California, anthropogenic dust
sources are mainly over croplands and pasturelands in the Cen-
tral Valley associated agricultural activities, while natural dust
sources are located over the southeastern area dominated by de-
serts and open shrublands (Fig. 3). The identified dust source re-
gion largely resembles that detected by Ginoux et al. (2012, their
Fig. 11). A recent study found that DOD with a low-quality flag
(i.e., QA 5 1) had better performance in detecting dust sources
than thatwith a high-quality flag (i.e., QA5 3), because retrieved
aerosol products were often poorly flagged over dust source re-
gions (Baddock et al. 2016). Dust sources identified using DOD
flagged with QA 5 1 are shown in Fig. S2 in the online
supplemental material. In general, larger source region over east-
ernCalifornia and higher FoOare found.

Surface fine dust concentrations from the Interagency Mon-
itoring of Protected Visual Environments (IMPROVE) net-
work are used. IMPROVE has collected near-surface PM2.5

samples in the United States since 1988 (Malm et al. 1994;
Hand et al. 2011). IMPROVE stations are located in national
parks and wilderness areas, and PM2.5 sampling is performed
twice weekly (Wednesday and Saturday; Malm et al. 1994)
prior to 2000 and every third day afterward. This dataset has
been widely used to study variations in surface fine dust in the
United States (e.g., Pu and Ginoux 2018a; Hand et al. 2017;
Tong et al. 2017; Pu and Jin 2021). Here daily data from 2003
to 2019 are used to form composites of compound events.

TheU.S.Environmental ProtectionAgency (EPA)AirQuality
System (AQS) dataset provides outdoor air quality data across
the United States, Puerto Rico, and the U.S. Virgin Islands. Daily
PM2.5 concentrations fromAQS from 2003 to 2019 are used to ex-
amine the air quality impacts of compound events.

4) LAND SURFACE VARIABLES

Hourly surface volumetric soil moisture from ERA5 in
the first layer (0–7 cm) is used to calculate daily data to
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examine land surface conditions associated with compound
events. Scatterometer soil moisture from Active Micro-
wave Instrument (AMI) on European Remote Sensing Sat-
ellites 1 and 2 (ERS-1, -2) from 1991 to 2006 and Advanced
Scatterometer (ASCAT) aboard Meteorological Opera-
tional Satellites A and B (MetOp-A, -B) from 2007 to 2014

are assimilated into ERA5 (Hersbach et al. 2020). ERA5
soil moisture shows high skill in comparison with station
observations (Li et al. 2020). Over the United States and
Europe, its temporal correlations with in situ soil moisture
measurements are comparable to or higher than several
satellite products (Beck et al. 2021).

FIG. 3. (a) MODIS land cover type (each grid shows the dominant land cover type during 2003–19). (b) HYDE land
use (area of croplands and pasturelands divided by the total area of each land grid; %) averaged over 2003–15.
(c) Dust frequency of occurrence (FoO; see the definition in the text) for March–August. Natural dust sources are
shown in brown shading, and anthropogenic dust sources are in blue to purple shading. Blue contours in (b) denote re-
gions with irrigation rate greater than 30% fromMIrAD-U.S. average.
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The level-3 monthly NDVI retrieved from Terra-MODIS
on a resolution of 0.18 3 0.18 (Collection 6; Didan 2015a,b) is
used to examine land surface condition associated with com-
pound events. NDVI represents the density of green vegeta-
tion, ranging from 21 to 1. Over land the lower boundary is
near zero and the upper boundary approximates 0.8 (Huete
et al. 1999), with higher values indicating greater density of
green vegetation. We linearly interpolate 16-day NDVI into
daily data on a resolution of 0.258 3 0.258 to form daily com-
posites of compound and heat wave events. Yearly MODIS
land cover type (MCD12C1) on a 0.0583 0.058 grid from 2003
to 2019 is used to examine land cover.

5) ATMOSPHERIC CIRCULATION

Meteorological variables such as daily and monthly 850-
and 500-hPa winds and geopotential heights from the ERA5
are used to examine circulation patterns associated with the
development of compound events.

b. Definition of compound extreme events

To examine the characteristics of concurrent drought, heat
wave, and dust events, we define a compound event when it
meets the following criteria during spring and summer
(March–August): (i) within a drought year of California, (ii)
days within a California heat wave, (iii) days within a dusty
season of California and within these days at least two-thirds
of days with positive DOD anomaly. Each of the criteria is ex-
plained in detail as follows. We select March–August largely
based on seasonal variations in DOD, surface temperature,
and precipitation (Fig. 2). DOD describes total light extinc-
tion by column dust aerosols regardless of size, and thus is
more suitable to represent overall dustiness. It is also one of
the key variables controlling dust–radiation interactions
(single-scattering albedo and asymmetry factor being the
two others). The selected period also partially covers the sec-
ondary peak of surface fine dust concentrations in the Sierra
Nevada area in August–September (Hand et al. 2017; see
their Fig. 5).

A drought year is defined when the 6-month standard pre-
cipitation index (SPI-6) in April is equal or less than 20.6 for

California. SPI has been widely used to define drought, and
SPI-6 in April reveals precipitation deficit from November to
April, covering the main rainy season in California. Monthly
precipitation data from CRU TS 4.05 from 1980 to 2020 is
used to calculate SPI-6 in California. Eight drought years are
found during 2003–20: 2007–09, 2012–15, and 2018. The iden-
tified drought years are consistent with previous studies of
California droughts (e.g., Seager et al. 2015).

A heat wave is usually defined as a few consecutive days
with temperature greater than certain threshold, either
percentile-based or a fixed value (e.g., Grotjahn et al. 2016;
Zhang et al. 2020). Here we use values of the 85th percentile
of regional averaged daily Tmax in California from ERA5,
centered over a 15-day window (Perkins and Alexander
2013), during March–August from 1980 to 2020 as thresholds
(i.e., each day, the 85th percentile of Tmax is calculated among
15 3 41 days). Using such as a moving window increases sam-
ple size and also accounts for temporal variations of surface
temperature (Perkins and Alexander 2013). A heat wave is
defined when regional averaged Tmax exceeding the threshold
and lasting at least three consecutive days. We found 100 heat
wave events in warm seasons during 2003–20.

A dusty season is defined as the dust event frequency (num-
ber of dusty days divided by the total number of days of the
season, in percentage) in a season being greater than 20%. A
dusty day is when the daily DOD anomaly (with reference to
climatological mean) is greater than one standard deviation
(Pu and Ginoux 2017). Since DOD may contain missing val-
ues in the area that affects the analysis, we select events only
when daily DOD spatial coverage in California is $30% for
at least two days during each event.

Since the MODIS DOD is available from 2003 to 2020, our
analysis of California compound events also focuses on this
time period. Figure 4 shows the heat waves and compound
events identified in a drought year in 2013 as an example. We
found eight heat waves (shading), and among them four are
compound events (red shading). In total, 16 compound events
of 60 days are identified during 2003–20. While looser criteria
of compound events probably would result in more events,
we argue that these relatively strong events show the worst-
case scenarios of concurrent drought, heat wave, and dusty

FIG. 4. Concurrent California drought, heat wave, and dust events (i.e., compound events) in
2013. Orange and blue lines denote anomalies (with reference to the 2003–20 mean) of daily
DOD and precipitation (smoothed by 7-day running mean), respectively. The red dashed line
shows daily maximum temperature Tmax. Horizontal dark red lines show averaged Tmax during
heat waves defined by the 85th-percentile threshold (see the text). Heat waves are highlighted
by vertical shading (eight in total), with red shading denoting compound events.
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conditions that better reveal the characteristics of compound
events. We test the sensitivity of the above thresholds using
the 80th percentile of Tmax for heat waves and 15% for dusty
seasons, and 18 events of 80 days are found, with similar pat-
terns of composites but slightly smaller magnitude of temper-
ature and DOD anomalies (not shown). We also tested using
DOD over dust source regions (Fig. 3c) to calculate dusty sea-
sons and found 27 events, largely due to higher daily DOD
values over the sources. Correspondingly, compound events
show higher values of DOD anomalies over the sources in
southern California as expected, while other features are gen-
erally similar to the findings here.

4. Results

a. Features of compounding drought–heat wave–dust
events in California

Table 1 lists the 16 compound events during 2003–20, with
durations ranging from 3 to 6 days. The average duration is
about 4 days. During compound events, regional-averaged
Tmax increases by 1.778–7.798C, with a mean warming of
4.458C, with reference to the 2003–20 climatological mean.
Precipitation on average decreases by about 0.5 mm day21,
and DOD increases by about 0.04 (;70% of their 2003–20 cli-
matological means over March–August; Table 1).

We then average among all the days of compound events to
form composites. Figures 5a–c show the spatial pattern of 2-m
temperature, precipitation, and DOD from the composites.
Anomalous warming is largely located over northern to central
California (Fig. 5a), with precipitation deficits mainly over north-
ern California (Fig. 5b; note that precipitation rate is climatologi-
cally low over southern California). Such a dry condition in
California is associated with precipitation reduction over the
whole western United States, especially over the northwest coast
and Montana (Fig. S3b in the online supplemental material).

The warming is also not limited to California but rather occurs
over large parts of the western United States (Fig. S3a), indicat-
ing that temperature and precipitation anomalies are associated
with large-scale features instead of local systems. DOD increases
over central to southern California, with the highest anomalies
over natural dust sources in the south (Fig. 5c). Meanwhile,
DOD over major dust sources in the southwestern United
States, such as the Colorado Plateau, the Great Basin deserts,
and the Sonoran and Chihuahuan Deserts, are not significantly
enhanced (Fig. S3c), also indicating that the enhanced DOD in
California dust source regions is largely associated with local
emissions.

Daily mean surface wind speed slightly decreases (0.4–
0.6 m s21 and up to 1 m s21 at a few grids), with anomalous
northerly winds over northern California, easterly winds over
large parts of southern California, and southeasterly to north-
easterly winds converging over the Central Valley (Fig. 5d).
The anomalous surface winds favor the transport of enhanced
dust from inland deserts and anthropogenic sources (Fig. 3c)
to central and western California and increase DOD (Fig. 5c).
Over the southwestern United States, the easterly wind anom-
alies bring dry air downslope from the Rocky Mountains and
Sierra Nevada (supplemental Fig. S3d), a pattern that pro-
motes heat waves in the Pacific Northwest and California
(Lau and Nath 2012).

Soil moisture anomalies generally follow precipitation defi-
cits, with the largest reduction in northern California extending
toward the Central Valley (Fig. 5e). Reduced soil moisture de-
creases latent cooling, favoring the development of heat waves.
Note that irrigation over croplands can perturb the natural wa-
ter cycle and may suppress dust emissions from anthropogenic
sources. Although ERA5 assimilates satellite scatterometer soil
moisture, its capability in representing irrigation induced soil
water change in the United States is not clear. Studies found
that during severe drought years, irrigation (through additional

TABLE 1. List of California compound events and corresponding anomalies (with reference to the 2003–20 mean). Values in
parentheses in the last two columns are magnitudes of anomalies in comparison with the March–August mean over 2003–20 (%).

Events Year Dates
Duration
(days) Tmax anomaly (8C)

Precipitation anomaly
(mm day21) DOD anomaly

1 2007 27–29 Apr 3 5.52 20.55 (280.1%) 0.03 (53.3%)
2 2008 12–14 Apr 3 6.73 21.14 (2166.1%) 20.01 (210.6%)
3 2008 15–20 May 6 7.79 20.81 (2118.2%) 0.03 (51.1%)
4 2008 19–22 Jun 4 3.49 0.07 (9.8%) 0.02 (33.5%)
5 2008 7–10 Jul 4 3.73 20.08 (212.1%) 0.09 (157.6%)
6 2008 14–16 Aug 3 2.29 20.08 (212.1%) 0.04 (69.9%)
7 2012 20–23 Apr 4 6.51 20.74 (2107.0%) 0.00 (1.8%)
8 2013 12–16 Mar 5 4.51 21.68 (2244.6%) 0.02 (33.0%)
9 2013 21–23 Apr 3 4.84 20.76 (2110.0%) 0.02 (27.6%)
10 2013 27–30 Apr 4 5.08 20.51 (273.7%) 0.02 (44.4%)
11 2013 2–4 May 3 4.68 20.61 (288.5%) 0.05 (97.3%)
12 2014 25–27 May 3 5.86 20.66 (295.7%) 0.00 (6.0%)
13 2018 17–19 Jul 3 2.35 20.00 (20.1%) 0.03 (48.2%)
14 2018 24–29 Jul 6 2.60 20.07 (210.7%) 0.08 (138.9%)
15 2018 8–10 Aug 3 3.42 20.10 (213.9%) 0.14 (258.2%)
16 2018 18–20 Aug 3 1.77 20.14 (220.6%) 0.06 (107.8%)

Mean 3.75 4.45 20.49 (271.5%) 0.04 (69.9%)
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groundwater pumping) cannot fully meet the water use de-
mand, and methods such as fallowing, idling, and stress irriga-
tion are applied to mitigate water shortage in California (Lund
et al. 2018). This is generally consistent with the overall surface
soil moisture reduction shown in ERA5 (Fig. 5e). Using the
MIrAD-U.S., we also found that overall irrigation area in
drought years of 2007 and 2012 slightly decreased from a nor-
mal year of 2002 (Fig. S4 in the online supplemental material).
A full quantification of how irrigation may affect compound
events is outside the scope of this paper but warrants future
studies.

Persistent soil moisture deficit during a drought and high air
temperature both exert negative impacts on vegetation. NVDI
decreases in large area of California, with the greatest reduction
over central, western, and parts of southern California (Fig. 5f),
where NDVI absolute values are generally less than 0.3 (not
shown). These regions are largely covered by grasslands, crop-
land, and open shrublands, or sparsely vegetated (Fig. 3a), and

are nearly collocated with dust sources (Fig. 3c). Low NDVI
(e.g., less than 0.25; Vukovic et al. 2014) is usually considered as
susceptible to wind erosion. Reduced NDVI along with soil
moisture deficit in dust source regions in southern California
tends to promote dust emissions, despite a weak reduction of
total wind speed. Areas with severe NDVI reduction are gener-
ally collocated with the regions with large increase in DOD
(Fig. 5c), indicating that vegetation decay plays an important
role in enhancing dust emissions.

b. Favorable large-scale conditions associated with
compound events

In this section we examine atmospheric circulation and SST
patterns associated with the compound events to better un-
derstand their formation. Figure 6 shows daily composites of
850- and 500-hPa geopotential height and wind anomalies
during compound events. In the lower troposphere, an anom-
alous high is centered off the west coast around 408–508N,

FIG. 5. Daily composites of California compound events: (a) 2-m temperature (8C), (b) precipitation (mm day21), (c) DOD, (d) surface
wind speeds (shading; m s21) and direction (vectors), (e) soil moisture (m3 m23), and (f) NDVI anomalies (with reference to the 2003–20
mean). The area significant at the 95% confidence level (t test) is stippled. Surface winds significant at the 95% confidence level are plotted
as green vectors.
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extending toward the eastern North Pacific (Fig. 6a). The cir-
culation pattern at 500 hPa largely resembles that at 850 hPa
(Fig. 6b), with an anomalous high sitting over the northwest
coast around 458N. Both California droughts and heat waves
have been related to the anomalous high at the west coast, al-
though in different seasons (i.e., winter during droughts and
warm season in heat waves) (e.g., Lau and Nath 2012; Seager
et al. 2015; Grotjahn and Faure 2008; Grotjahn 2011; Clemesha
et al. 2018). Here the anomalous sinking motion associated
with the high pressure system not only favors subsidence and
dry condition in spring and summer, but also can warm the
lower troposphere by adiabatic heating. The anomalous east-
erly winds on the other hand can suppress the cooling sea
breezes from ocean, also supporting the development of heat
waves (Grotjahn 2011; Lee and Grotjahn 2016; Grotjahn and
Lee 2016; Grotjahn et al. 2016).

Figure 7 shows the evolution of circulation patterns associ-
ated with the development of compound events, from seven
(day 27), five (day 25), and three (day 23) days before to the
first day (day 0) of compound events. The anomalous high off
the U.S. West Coast is part of a ridge–trough–ridge pattern
over the North Pacific that starts to develop up to seven days
before the events (Figs. 7d,h). The anomalous high over the
Gulf of Alaska slowly moves eastward and appears over the
U.S. West Coast about three days before compound events
(Figs. 7b–d,f–h). A nearly stationary ridge–trough–ridge wave
train has been related to California heat waves in previous stud-
ies (e.g., Lee and Grotjahn 2016; Grotjahn and Lee 2016; Lau
and Nath 2012). Here we found this circulation pattern is also
evident in compound events. The strengthening of the height

anomaly over the west coast about 3 days prior to compound
event onset is somewhat similar to the evolution of circulation
patterns associated with the cluster-1 Central Valley heat waves
(Lee and Grotjahn 2016), although here the coastal high does
not develop from a weak ridge west of California and the zonal
wavelength of the wave train is a bit longer.

Previous studies suggested that the connection between
California droughts and SST is generally weak, although a
few droughts have been related to SST anomalies, such as the
2011/12 drought to La Niña, and the 2012–14 drought to a
warm west and cold east SST dipole pattern over the tropical
Pacific (Seager et al. 2015). Are compound events associated
with any specific SST patterns? Figure 8 shows the composites
of SST from seven days before compound events to the onset
of the events. A weak negative SST anomaly (SSTA) is found
over the western to central topical Pacific between 1508W and
1508E, somewhat resembling a cold phase of the Pacific de-
cadal oscillation but with a weak positive SSTA over the east-
ern tropical Pacific (Fig. 8). The pattern persists for at least a
week until the onset of compound events. Among the six
drought years with compound events, four of them (2007,
2008, 2012, and 2018) experience La Niña in part of the warm
season (March–August), likely contributing to the weak cool-
ing over the western to central tropical Pacific in the compo-
sites (Fig. 8).

The tropical SSTA could reveal variability in shorter time
scales associated with California heat waves as well. Part of
the anomalous cooling of tropical western Pacific SST some-
what resembles the western Pacific intraseasonal oscillation
(WPISO; Wang and Xie 1997) during its phases 3–7 in boreal
warm season (May–October) (Yang et al. 2020, their Fig. 2),
although the latter shows negative SSTA farther west and
north, around 808–1608E and 58S–208N. Phase 3–7 WPISO-
induced Rossby waves can generate an anomalous high
downstream over the western United States at 850 hPa and
consequently increase surface air temperature over the
western to central United States (Yang et al. 2020), which
could favor the development of California heat waves. On
the intraseasonal time scale, Madden–Julian oscillation
(MJO) in phase-pairs 8–1 and 2–3 is also found to connect
with the California Central Valley heat waves in summer-
time, when the MJO leads heat waves by about 2 weeks
(Lee and Grotjahn 2019). The abovementioned MJO phases
correspond to an anomalous high outgoing longwave radia-
tion (OLR) and a transition from high to low OLR over the
tropical western Pacific, which also modulate SST in the
area (Zhang 2005), that is, a negative SSTA and a transition
to positive.

In short, the tropical Pacific SSTA shown in the composite
of compound events (Fig. 8) is likely a combination of signals on
different time scale, such as a La Niña that favors California
drought and anomalous cooling associated with WPISO and/or
MJO phases that support California heat waves.

c. Air quality impacts

In addition to enhanced DOD and reduced precipita-
tion during the compound events, subsidence associated with

FIG. 6. Composites of (a) 850- and (b) 500-hPa wind (m s21) and
geopotential height (gpm) anomalies during California compound
events. The area significant at the 95% confidence level (t test) is
stippled. Winds significant at the 95% confidence level are plotted
as green vectors. Topography is masked out in gray.
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anomalous high pressure over the West Coast tends to lower
the subsidence inversion (e.g., Grotjahn 2011; Lee and Grot-
jahn 2016), all of which favor the accumulation of air pollu-
tants in the area. Figure 9 shows the composites of surface
fine dust and PM2.5 concentrations during compound events.
Consistent with the increase in DOD, we found surface fine
dust concentrations enhance over large areas in California, with
the greatest increase in central California by more than 0.5 mg
m23 (about 60%–70% of its climatological mean; Figs. 9a,c),
which is partially associated with the wind convergence over
the region (Fig. 5d). Surface fine dust also increases over
northern California, Oregon, and Washington. Note that fine
dust records are only available every three days, so the com-
posite here may underestimate the total increase in fine dust
concentrations in compound events.

Previous studies found that fine dust concentrations over the
western United States are influenced by long-range trans-
ported dust from Asia, mostly in spring (e.g., VanCuren and
Cahill 2002; Creamean et al. 2014; Hand et al. 2017). Elemental
composition-based analysis (e.g., Fe/Ca ratio) also found that

Asian dust concentrations in California sites are higher than
those inOregon andWashington (Creamean et al. 2014). How-
ever, a recent study using an observation-constrained inverse
model suggests that Asian dust contributes less than 50% to
annual mean DOD to the area south of 408N over the western
United States (including large parts of California) but more
than 50% in the north (Kok et al. 2021). Separating local and
transported dust is beyond the scope of this study; nonetheless,
our analysis suggests that local dust likely dominates the varia-
tions in compound events given its close connection to local
land surface conditions (see discussion in section 4d).

The PM2.5 concentrations also increase over central California
bymore than 5mgm23 (up to 8mgm23; Fig. 9b). The low topog-
raphy of the Central Valley and surrounding mountains has
been related to poor air quality during hot days in previous stud-
ies (Bao et al. 2008; Grotjahn 2011). In addition, extra energy
consumption during heat waves and droughts (e.g., using natural
gas instead of hydropower) can increase local anthropogenic
emissions (Christian-Smith et al. 2011; Herrera-Estrada et al.
2018) and contribute to the increase in PM2.5 particles. The

FIG. 7. Composites of (left) 850- and (right) 500-hPa wind (m s21) and geopotential height (gpm) anomalies from
(d),(h) 7; (c),(g) 5; and (b),(f) 3 days before compound events (days 27, 25, and 23) and (a),(e) at the first day of
compound events (day 0). Areas significant at the 90% and 95% confidence levels (t test) are stippled in gray and
black, respectively. Winds significant at the 90% and 95% confidence levels are plotted as green and cyan vectors, re-
spectively. Topography is masked out in gray.
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degraded air quality may further exacerbate the health dangers
associatedwith heat waves.

Wildfires could be another source of increased fine dust and
PM2.5 concentrations during compound events. Increased dust
particles are found in smoke plumes (e.g., Gaudichet et al.
1995; Maenhaut et al. 1996; Kavouras et al. 2012; Nisantzi et al.
2014) and have been related to fire-induced circulation change
that favor dust emissions (e.g., Wagner et al. 2021). In addition
to coemissions, fire-induced land cover and soil properties
changes (e.g., enhanced soil hydrophobicity) may increase
surface erodibility and increase dust emissions after fires
(Whicker et al. 2006; Ravi et al. 2007, 2012; Merino-Martı́n
et al. 2014; Wagenbrenner et al. 2013, 2017; Dukes et al. 2018;
Yu and Ginoux 2022). To clarify the potential influence of
wildfires, we show MODIS fire counts summed over days of
compound events, one week and two weeks before the days
of compound events in Figs. S5a–c, respectively, in the online

supplemental material. Fire count is derived from Aqua and
Terra MODIS 1-km daily thermal anomalies and fire products
during both day- and nighttime (MOD14A1 and MYD14A1;
Collection 6.1) and remapped to a 0.18 3 0.18 grid. Over
northern and central California, several sites with increased
fine dust concentrations are close to fire spots (Fig. S5a) and
thus are potentially affected by fire-induced dust emissions.
Schlosser et al. (2017) found that fine dust concentrations in-
creased by 22% during peak elemental-carbon days of 14 major
wildfires in California from 2005 to 2015. Nonetheless, fine dust
concentrations at sites nearby fire spots increased more than
70% during compound events (Fig. S5a; see also Fig. 9c), greater
than the estimated increase due to fires (;22%), indicating that
other factors, such as drought-enhanced dust emissions, play im-
portant roles in increasing surface dust concentrations. Similar
fire patterns are found 1–2 weeks before the days of compound
events (Figs. S5b,c). Fire-induced contemporary dust emissions
are sensitive to the intensity, size, and duration of the fire (e.g.,
Wagenbrenner et al. 2017; Wagner et al. 2018), while post-fire
emissions are affected by the soil properties, land cover, and vege-
tation recovery period (e.g., Ravi et al. 2012), and thus a detailed
quantification of the contributions of wildfires to surface fine dust
concentrations would require carefully designed numerical simu-
lations with observation constraints, which falls beyond the scope
of this paper.

d. Compound events versus heat waves alone

In this section, we compare compound events with heat wave
events to further characterize their features. We select heat
wave events in 10 nondrought years during 2003–20 (see the defi-
nition of California drought years in section 3b) given that dust
emissions and droughts are closely linked. Composites are
formed using all the 246 days of 48 heat wave events and are
shown in Fig. 10. Surface 2-m temperature increases over north-
ern, western, and southern California by 4.08–4.58C during heat
waves (Fig. 10a), a pattern similar to compound events (Fig. 5a).
Meanwhile, precipitation decreases over northern to central
California (Fig. 10b), suggesting that dry conditions favor the de-
velopment of heat waves. The spatial pattern of precipitation
anomaly resembles that of compound events (Fig. 5b), but
slightly wetter over northern California and drier over western
central California. DOD changes little, with a slight decrease
over the source region in southernCalifornia and a veryweak in-
crease over parts of the Central Valley (Fig. 10c).

Anomalous easterly surface winds are over large parts of
California (Fig. 10d) and the southwestern to western United
States (Fig. S6 in the online supplemental material), a pattern
known to be associated with California heat waves. Consistent
with precipitation deficit, soil moisture decreases over north-
ern and western central California, but the overall magnitude
is much weaker than that of compound events (Fig. 5c).
NDVI on the other hand increases over parts of northern and
southern California (Fig. 10f), likely contributing to the weak
DOD decrease in southern California (Fig. 10c).

Figure 11 shows box plots that summarize the averaged
daily 2-m temperature, precipitation, surface 10-m winds, soil
moisture, and NDVI over California for compound events

FIG. 8. Composites of SST anomaly (8C) (a) at the first day of
compound events (day 0), and (b) 3 days, (c) 5 days, and (d) 7 days
before compound events. Areas significant at the 90%and 95% con-
fidence levels (t test) are stippled in gray and black, respectively.
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(orange) and heat wave events (in nondrought years; red). The
differences of mean temperature, precipitation, and surface wind
speed between compound and heat wave events are not signifi-
cant, although the range of precipitation anomalies in compound
events is much smaller than that of heat waves (Figs. 11a,b,d). In
association with persistent precipitation deficit, soil moisture and
NDVI are significantly lower in compound events than heat
waves, and DOD is significantly higher (Figs. 11e,f,c).

Previous studies suggest that heat wave concurrent with
drought can intensify heat wave or drought alone (Zaitchik
et al. 2006; Shukla et al. 2015; Perkins et al. 2012); however,
such feedbacks are not evident in the comparison between

compound and heat wave events. The maximum and mini-
mum temperatures of compound events are slightly higher
than those of heat wave events, but the mean and median are
very similar (Fig. 11a). One possible reason is that feedbacks
through land–atmosphere interactions (e.g., drier soil induced
greater sensible heating and higher surface temperatures) are
more evident in severe and long-lasting heat wave events,
such as the 2003 summer heat wave in Europe (Zaitchik et al.
2006) but may be smoothed out in the composite average in
observations. Modeling studies with controlled forcing (e.g.,
perturbed temperature or precipitation; Shukla et al. 2015)
tend to show clearer signals of exacerbation.

FIG. 9. Composites of anomalies of (a) surface fine dust and (b) PM2.5 concentrations in abso-
lute values (mg m23) during California compound events, and (c),(d) the same in percentage
(%) of the 2003–19 mean over March–August. Station values significant at the 95% confidence
level (t test) are marked by cyan-outlined circles.
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As shown in Figs. 10 and 11, the main differences between
compound and heat wave events are the reduced soil moisture
and NDVI associated with drought in compound events. The
anomalous land surface conditions favor dust emissions.
Figure 12 shows density plots of DOD versus soil moisture
and NDVI in dust source regions for the whole warm season
(March–August), heat wave events, and compound events, re-
spectively. Significant negative relationships are found be-
tween DOD and soil moisture and between DOD and NDVI
in spring and summer (Figs. 12a,d) and during heat wave
events (Figs. 12b,e), consistent with our understanding of dust
emission processes; that is, dust is more likely to be lifted to
the atmosphere from dry and sparsely vegetated surface. Dur-
ing compound events, the negative connection between DOD
and soil moisture becomes weak and nonsignificant, probably
because soil moisture is already low during a drought (Fig. 12c).
On the other hand, the negative connection between DOD and
NDVI is stronger during compound events than heat wave

events (Figs. 12e,f), indicating that reduced vegetation coverage
plays a primary role in increasing dust emissions in compound
events. This is consistent with Pu and Ginoux (2017), who
showed that land surface bareness is a dominant local factor af-
fecting dustiness over central to southern California in spring
and summer.

What is the circulation pattern associated with California heat
wave events, and is it different for compound events? Figure 13
shows the composite of 850- and 500-hPa geopotential height
and wind anomalies for heat wave events in nondrought years
and the differences in comparison with compound events. An
anomalous high is located over the U.S. west coast during heat
waves at 850 and 500 hPa, with an anomalous low to the west
over the North Pacific around 1508W and a weak high anomaly
around 1808W (Figs. 13a,b). Overall, the ridge–trough–ridge pat-
tern resembles the circulation anomaly associated with California
Central Valley heat waves (Grotjahn and Faure 2008; Grotjahn
2011; Lee and Grotjahn 2016) and the compound events (Fig. 6).

FIG. 10. Daily composites of California heat wave events in nondrought years: (a) 2-m temperature (8C), (b) precipitation (mm day21),
(c) DOD, (d) surface wind speeds (shading; m s21) and direction (vectors), (e) soil moisture (m3 m23), and (f) NDVI anomalies (with ref-
erence to the 2003–20 mean). The area significant at the 95% confidence level (t test) is stippled. Surface winds significant at the 95% con-
fidence level are plotted as green vectors.
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The height anomalies over theNorth Pacific between 1308W–1808
and 208–558N appear to be stronger in compound events but may
be partially due to the greater sample size of heat wave events
that can cancel out height anomalies (Figs. 13c,d).

We also compared the features of compound events with all of
the heat wave events from 2003 to 2020 (100 events), regardless
of whether they are within drought or nondrought years. Greater
precipitation and soil moisture deficiency are found in those heat
wave composites (Fig. S7 in the online supplemental material).
Consistently, weakNDVI reduction andDODenhancement are
found over central to southern California. The differences of soil
moisture between compound and heat wave events become
smaller and nonsignificant, while the differences in NDVI and
DOD remain significant (Fig. S8 in the online supplemental
material), indicating that drought induced vegetation decay
and consequently increased dustiness is a key feature of com-
pound events. The circulation patterns associated with general
heat wave events are very similar to those in nondrought years
(Fig. S9 in the online supplemental material).

5. Conclusions

California droughts in the 2000s and 2010s have substantial
socioeconomic and environmental impacts. Although high tem-
perature extremes are reported during the 2011–16 California
drought (e.g., Seager and Hoerling 2014), little work has been
done to examine the concurrent California drought and heat
waves. Enhanced dust activities are also found during droughts
in the central and southwestern United States (Pu and Ginoux
2017). To the best of our knowledge, compound drought, heat

wave, and dusty conditions in California have not been exam-
ined. In this work, we examine concurrent drought, heat wave,
and dust events in California, so-called compound events, dur-
ing warm seasons and compare compound events with Califor-
nia heat wave events.

We found 16 compound events in spring and summer dur-
ing 2003–20, with an average duration of about four days.
During these events, California daily maximum temperature
increases by about 4.58C on average, precipitation decreases
by about 0.5 mm day21 (;72% of the March–August mean
over 2003–20), and dust optical depth increases by about
20.04 (;70% of warm-season mean). The warming is stron-
gest over northern to western California, while precipitation
and soil moisture reduction occur largely over northern
California and the northern part of central California. Veg-
etation also declines over central to southern California,
which greatly favors the dust emissions by leaving dry land
surface unprotected. The anomalous easterly surface winds
over large parts of California tend to weaken the cooling
sea breeze, which is a well-known pattern during California
heat waves. Over central California, the anomalous south-
easterly winds favor the northward transport of dust from
source regions in the south.

The development of compound events is associated with an
anomalous high over the northwest coast of the United States
at lower to middle troposphere, which is part of a nearly station-
ary wave train over the North Pacific. The anomalous high ap-
pears over the North Pacific Ocean about 7 days before the
compound events and slowly extends eastward. The circulation
patterns are similar to that of warm-season California heat

FIG. 11. Boxplots of (a) daily T2m (8C), (b) precipitation (mm day21), (c) DOD, (d) surface wind speed (m s21), (e) soil moisture (m3 m23),
and (f) NDVI anomalies (with reference to the 2003–20 mean) during compound events (orange) and heat wave events (in nondrought years;
red). The upper and lower ends of the box correspond to the 25th and 75th percentiles of the data, the bar through the box shows the median,
and the dot denotes themean value. The whiskers extend from theminimum to themaximum of the data. Black or gray dashed lines alsomark
mean values, with the black lines indicating that the differences of the mean values between compound and heat wave events are significant at
the 95%confidence level (t test).
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waves, although the coastal anomalous high is stronger, and the
zonal wavelength of the wave train is slightly longer in com-
pound events. A weak cooling over the western to central tropi-
cal Pacific is found to be associated with compound events.

The anomalous atmospheric circulation patterns associated
with the compound events (e.g., low surface winds, lack of
precipitation, and subsidence inversion associated with the
anomalous high) also favor the accumulation of pollutants.
Over central to northern California, near-surface fine dust
and PM2.5 concentrations increase by more than 0.5 and 5 mg
m23, respectively (;70% of their March–August means dur-
ing 2003–20). In addition to enhanced dust emissions, photo-
chemical reactions under high radiation during heat waves
(e.g., Tressol et al. 2008) and enhanced anthropogenic emis-
sions associated with extra energy consumptions during
droughts (Christian-Smith et al. 2011; Herrera-Estrada et al.
2018) and heat waves could also contribute to poor air quality
in compound events.

Compound events also show unique features different form
California heat wave events. While heat waves are generally
associated with reduced precipitation and soil moisture, soil
moisture reduction during heat waves in nondrought years is

significantly weaker than that of compound events. In addi-
tion, drought-induced vegetation decay (or reduced NDVI) in
compound events is much stronger than heat wave events and
promotes dust emissions.

This work for the first time characterizes the features of con-
current drought, heat wave, and dust events in California and
examines their development. Compound events occur during
droughts; when soil moisture is in deficit and NDVI is low, with
favorable atmospheric conditions (i.e., an anomalous high over
the U.S. West Coast), California experiences high temperature
extremes and enhanced DOD and surface fine dust concentra-
tions, along with degraded air quality. Future studies of varia-
tions in compound events, their environmental impacts, and
potential interactions with wildfire events will help us better
quantify and project their combined negative effects.
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