
Atmos. Chem. Phys., 24, 9339–9353, 2024
https://doi.org/10.5194/acp-24-9339-2024
© Author(s) 2024. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Observed and CMIP6-model-simulated organic aerosol
response to drought in the contiguous United States

during summertime

Wei Li1,a and Yuxuan Wang1

1Department of Earth and Atmospheric Sciences, University of Houston, Houston, TX, USA
anow at: Cooperative Institute for Satellite Earth System Studies, George Mason University, Fairfax, VA, USA

Correspondence: Yuxuan Wang (ywang246@central.uh.edu)

Received: 13 February 2024 – Discussion started: 12 March 2024
Revised: 14 June 2024 – Accepted: 3 July 2024 – Published: 27 August 2024

Abstract. Drought events have been linked with the enhancements of organic aerosols (OAs), but the mecha-
nisms have not been comprehensively understood. This study investigates the relationships between the monthly
standardized precipitation–evapotranspiration index (SPEI) and surface OA in the contiguous United States
(CONUS) during the summertime from 1998 to 2018. OA under severe drought conditions shows a signifi-
cant increase in mass concentrations across most of the CONUS relative to non-drought periods, with the Pa-
cific Northwest (PNW) and Southeast United States (SEUS) experiencing the highest average enhancement of
1.79 µgm−3 (112 %) and 0.92 µgm−3 (33 %), respectively. In the SEUS, a linear regression approach between
OA and sulfate was used to estimate the epoxydiol-derived secondary organic aerosol (IEPOX SOA), which is
the primary driver of the OA enhancements under droughts due to the simultaneous increase in emissions of bio-
genic volatile organic compounds (VOCs; such as isoprene and monoterpene) and sulfate. The rise in sulfate is
mainly caused by the reduced wet deposition because of the up to 62 % lower precipitation amount. In the PNW,
OA enhancements are closely linked to intensified wildfire emissions, which raise OA mass concentrations to
be 4–8 times higher relative to non-fire conditions. All 10 Earth system models participating in the sixth phase
of the Coupled Model Intercomparison Project (CMIP6) can capture the slopes between SPEI and OA in the
PNW, with CESM2-WACCM and GFDL-ESM4 performing the best and worst in predicting the OA enhance-
ment under severe droughts. However, all models significantly underestimate the OA increase in the SEUS, with
Nor-ESM2-LM and MIRCO6 showing relatively better performance. This study reveals the key drivers of the
elevated OA levels under droughts in the CONUS and underscores the deficiencies of current climate models in
their predictive capacity for assessing the impact of future droughts on air quality.

1 Introduction

Drought events, marked by prolonged periods of water
scarcity and precipitation deficits, have profound impacts on
the hydrological cycle, ecosystems, and society (Wilhite et
al., 2007). The contiguous United States (CONUS) is espe-
cially prone to droughts, and recent years have witnessed
an escalation in both the frequency and severity of drought
episodes across various regions (Leeper et al., 2022; Strzepek
et al., 2010). These drought events are intricately linked to
the modifications in atmospheric processes, such as emis-

sion, production, transport, and deposition, which can ex-
tend beyond the immediate hydrological impacts with far-
reaching implications for air quality. Specifically, organic
aerosol (OA), a major component of the particulate matter
with an aerodynamic diameter less than or equal to 2.5 µm
(PM2.5), emerges as a critical air quality concern influenced
by the complex interactions between drought-induced mete-
orological conditions and biogeochemical processes.

OA can be directly emitted into the atmosphere through
combustion activities, such as transportation fuel and
biomass burning. This kind of OA is called primary organic
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aerosol (POA), whereas secondary organic aerosol (SOA) is
produced by the oxidation of volatile organic compounds
(VOCs). The intricate interplay between drought and OA
dynamics involves complex feedback mechanisms. Biogenic
isoprene, mainly emitted by terrestrial vegetation, is an im-
portant precursor of SOA and is highly sensitive to drought
conditions. Both laboratory and field measurements have
shown that biogenic emissions of isoprene will increase at
the initial stage of drought development primarily due to tem-
perature stimulus but drop eventually under prolonged se-
vere drought limited by soil water availability (Pegoraro et
al., 2005; Brilli et al., 2007; Potosnak et al., 2014). The ab-
normally high temperature and low humidity under droughts
can enhance the oxidation of OA (Maria et al., 2004; Yli-
Juuti et al., 2021), while low cloud water content lowers the
aqueous SOA formation (Brégonzio-Rozier et al., 2016; Tsui
et al., 2019), leading to compensating changes in the mass
and hygroscopicity of OA. Aerosols are most effectively
removed by wet scavenging, which will be reduced under
lower rainfall intensity and frequency (Dawson et al., 2007;
Fang et al., 2011). In addition, dry conditions can trigger
large and high-intensity wildfires, emitting more POA and
VOC precursors into the atmosphere (Ruffault et al., 2018;
Taufik et al., 2017). The interactions of these factors un-
derscore the need for a comprehensive understanding of the
mechanisms driving variations in OA during drought events.

OA, due to its fine particulate nature and diverse chem-
ical composition, exerts significant adverse effects on cli-
mate and human health. OA is found to be associated with
a higher county-level cardiorespiratory mortality rate than
other major PM2.5 components, such as sulfate, ammonium,
and nitrate (Pye et al., 2021). OA can scatter solar ra-
diation, form cloud condensation nuclei, and affect cloud
droplet concentrations, posing big uncertainties for radia-
tive forcing and climate feedback (Carslaw et al., 2013; Lee
et al., 2016). Coupled chemistry–climate models and Earth
system models (ESMs) are fundamental tools for studying
global warming, and the accuracy of OA simulations in these
models is a crucial constraint on their credibility in cli-
mate change simulation and projection (Gomez et al., 2023;
Thornhill et al., 2021). The Coupled Model Intercompari-
son Project Phase 6 (CMIP6), containing the new generation
of ESMs with interactive aerosol and gas chemistry imple-
mented (Turnock et al., 2020), provides a valuable opportu-
nity to evaluate the simulated OA and its response to drought,
which is projected to be more frequent in the future (Cook et
al., 2018).

Several case studies have focused on the impacts of
droughts on the concentrations and speciation of PM2.5 in the
CONUS by calculating the differences between drought and
non-drought years (Wang et al., 2015; Borlina and Rennó,
2017; Zhao et al., 2019). Wang et al. (2015) and Zhao et
al. (2019) compared the concentrations of PM2.5 and its
compositions in the southern United States, in particular the
Southeast United States, during the severe drought in the

summer of 2011 against the non-drought years of 2010 and
2013, respectively. They show that PM2.5 has a respective
enhancement of 47 % and 65 % with the largest contribu-
tion from the increase in organic carbon (OC) by 119 %
and 117 %. Following OC, sulfate in the Southeast United
States is enhanced by 84 % during the 2011 drought rela-
tive to 2013. However, fewer studies have carried out long-
term analyses, which can help derive a more robust drought-
aerosol association than case studies. Wang et al. (2017)
performed a 25-year analysis during the growing season
(March–October) from 1990 to 2014 and found that, on a
monthly scale, the overall 17 % enhancement of PM2.5 in the
CONUS is mainly attributed to the increase in OA, sulfate,
and dust. Each of these species has a unique spatial pattern
in their response to droughts, which warrants a further sub-
regional analysis to reveal the processes causing such spatial
distribution discrepancy.

In this study, we focus on the changes in OA under
droughts over the CONUS during the study period of sum-
mertime from 1998 to 2018. Spatial patterns of the responses
of OA to droughts will be explored, followed by a regional
analysis focusing on the Southeast United States (SEUS) and
Pacific Northwest (PNW) where the highest responsive rates
of OA to droughts are found. The processes responsible for
the increase in OA in these regions will be discussed. To con-
clude, the observed drought–OA relationships will be used
as a process-level metric to evaluate OA simulations in the
CMIP6 ESMs, which can shed light on future model devel-
opment and improve aerosol predictions.

2 Datasets

2.1 Drought indicator

The 1-month gridded Standardized Precipitation-
Evapotranspiration Index (SPEI) data from the global
SPEI database (https://spei.csic.es/, last access: 27 Novem-
ber 2023) were selected as being the drought indicator
because of their numerical nature that allows for statistical
analysis (e.g., correlation and regression). SPEI is a multi-
scaler index, allowing for the identification and comparison
of drought severity through time and space (Vicente-Serrano
et al., 2010). Negative values of SPEI are indicative of
droughts and vice versa. The dataset has a spatial resolution
of 0.5°× 0.5° and a temporal range of 1973–2018. A com-
posite analysis can also be conducted by applying the criteria
of SPEI <−1.3 and SPEI >−0.5 to denote severe drought
and non-drought conditions, respectively, as suggested by
Wang et al. (2017).

2.2 Air quality and meteorological data

To expand the spatial coverage, we created a gridded daily
organic carbon (OC) dataset (0.5°× 0.5°) from 1998 to
2018 that aggregates site-based observations from the In-
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teragency Monitoring of Protected Visual Environments
(IMPROVE) network using the modified inverse distance
weighting method as done by Schnell et al. (2014). Data from
the IMPROVE sites have been widely used by previous stud-
ies to investigate surface particulate matter trends or varia-
tions in the CONUS (e.g., Hand et al., 2012). A factor of
2.1 was used to convert OC observations to OA as suggested
by other studies (Pye et al., 2017; Schroder et al., 2018).
The US Environmental Protection Agency Chemical Specia-
tion Network (EPA-CSN) also provides long-term OA data,
but the CSN uses different sampling practices and analyti-
cal methods from IMPROVE, which can lead to systematic
differences in OA measurements (Hand et al., 2012; Gorham
et al., 2021). Thus, we only used the IMPROVE dataset in
this study. To reduce the artifacts caused by different data
completeness (e.g., old sites retired and new sites started),
we selected the sites with data records longer than 5 years
during the study period for interpolation following Li and
Wang (2022). Based on this criterion, there are a total of
175 sites selected for interpolation, ∼ 80 % of which have
a data record equal to or greater than 15 years, suggesting
small temporal uncertainties caused by the spatial interpola-
tion (Fig. S1 in the Supplement).

Sulfate is known to influence the formation of epoxydiol-
derived secondary organic aerosol (IEPOX SOA), a key
component of OA. To explore how this linkage changes
with drought, we generated a gridded sulfate dataset follow-
ing the same method as OC. Monthly sulfate wet deposi-
tions with associated precipitation amount and pH were ob-
tained from the National Atmospheric Deposition Program
(NADP). There are a total of 53 NADP sites in the SEUS
(defined in Sect. 3.1) with a data record spanning more than
5 years during the study period. We obtained the satellite-
based low-level (below 700 hPa) cloud cover and liquid water
content (LWC) between 2000 to 2018 from the Clouds and
the Earth’s Radiant Energy System (CERES) monthly Single
Scanner Footprint 1°× 1° (SSF1deg) product (NASA, 2015
). To investigate OA changes from wildfire, monthly open
fire emissions were from the Global Fire Emission Database
version 4 (GFED4) for 1998–2018 (Giglio et al., 2013). The
version of GFED4 we used includes the burned area contri-
butions from small fires, which increases the total amount
of burned area by 75 % relative to its previous version and
brings the prescribed burned area estimates into closer agree-
ment with those reported by the National Interagency Fire
Center (Randerson et al., 2012). Thus, the prescribed fire
burning is partly, if not completely, considered in the anal-
ysis.

2.3 CMIP6 AerChemMIP models

A total of 10 models from the CMIP6 Aerosol Chem-
istry Model Intercomparison Project (AerChemMIP) were
selected: BCC-ESM1, CESM2-WACCM, CNRM-ESM2-
1, EC-Earth3-AerChem, GFDL-ESM4, GISS-E2-1-G,

MIROC6, MRI-ESM2-0, NorESM2-LM, and UKESM1-0-
LL. They are the only models found at the time of writing
with OA and sulfate mass concentration outputs from histor-
ical simulations with prescribed sea surface temperature in
the AerChemMIP project from 1850 to 2014. No ensemble
members were found for the 10 models. Various aerosol
schemes are used by the models with different treatments
for gas-phase reactions and secondary aerosol formation.
More information and references (Danabasoglu et al., 2020;
Dunne et al., 2020; Kelley et al., 2020; van Noije et al., 2021;
Séférian et al., 2019; Seland et al., 2020; Senior et al., 2020;
Tatebe et al., 2019; Wu et al., 2020; Yukimoto et al., 2019)
for each model are listed in Table S1 in the Supplement.

3 Results

3.1 Spatial distributions of organic aerosol response to
drought

Figure 1a shows the maps of the mean summertime (JJA
1998–2018) surface OA concentrations under non-drought
conditions and their changes under severe droughts with the
observational sites (dots) overlaid. The associated frequency
and OA standard deviation during non-drought and severe
drought periods are displayed in Fig. S2. The western United
States along the Rocky Mountains exhibit the highest severe
drought frequency of up to 25 %, while wet and normal con-
ditions are more common in the eastern United States and
southern California, with a frequency of more than 80 %.
Higher OA concentrations can be found in central Califor-
nia and the eastern United States under non-drought con-
ditions, reflecting the average spatial distributions of sum-
mertime OA. Under severe droughts, most of the grids and
sites display an enhanced OA level, with a mean increase
of 0.72 µgm−3 across all the grids and 0.78 µgm−3 across
all the sites in the CONUS. Higher enhancements occur in
the Pacific Northwest (PNW; 42–50° N, 105–125° W; red
box in Fig. 1a) and Southeast United States (SEUS; 25–
37° N, 75–100° W; blue box in Fig. 1a). In both regions,
the overall gridded OA statistical distributions under severe
droughts move towards the higher end compared with those
under non-drought conditions (Fig. 1b), with an increase
in the mean value by 1.79 µgm−3 (112 %) and 0.92 µgm−3

(33 %) across the PNW and SEUS, respectively. Similar re-
sults are found using on-site data with a respective increase
in the mean value by 2.18 µgm−3 (118 %) and 1.11 µgm−3

(34 %), which indicates that the interpolation does not signif-
icantly affect the results. OA experienced a downward trend
in the SEUS during the last 2 decades due to the reduction
of anthropogenic emissions (Ridley et al., 2018). To verify
whether the trend will significantly affect our results in the
SEUS, we reproduced Fig. 1b in Fig. S3a using detrended
OA. The detrend is conducted by removing the 7-year mov-
ing average from the raw data in the same month of each year
following Wang et al. (2017) and Li et al. (2022). OA en-
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hancement under severe droughts is 0.78 and 1.02 µgm−3 for
gridded and on-site data, respectively; these levels are com-
parable to those derived from raw OA data in the SEUS area.
This indicates that anthropogenic emission changes do not
significantly interfere with our analysis and instead natural
processes play a more important role in causing the enhance-
ment of OA in the SEUS region.

Wildfire, a major source of biomass burning, is one of the
biggest contributors to both POA and SOA globally (Hal-
lquist et al., 2009; Gilman et al., 2015; Jen et al., 2019).
In the western United States, OA, as the largest component
of PM2.5, experiences an upward trend, opposite to the rest
of the country, due to the increasingly higher wildfire fre-
quency (Dennison et al., 2014; McClure and Jaffe, 2018;
Wang et al., 2022a). Indeed, we found many “hot spots” of
wildfire emissions of OA over the western United States un-
der non-drought conditions based on the GFED4 wildfire fire
inventory (Fig. 1c). Severe droughts can lead to extremely
high wildfire OA emissions over the PNW region, which
corresponds to the highest OA enhancement and variabil-
ity as shown in Figs. 1a and S2b, respectively. In contrast,
the SEUS undergoes a much lower enhancement of wildfire
OA emissions under severe droughts. Biogenic secondary or-
ganic aerosol (BSOA) is reported to be the major fine aerosol
component in the SEUS, accounting for 60 %–90 % of the to-
tal PM2.5, due to the abundant isoprene emissions (Zhang et
al., 2012; Hidy et al., 2014; Kim et al., 2015). The concentra-
tions of BSOA in the SEUS region strongly depend on ambi-
ent sulfate through the reactive uptake of gas-phase epoxydi-
ols (IEPOX) onto the aqueous acidified surface of sulfate par-
ticles (Surratt et al., 2010; Xu et al., 2015; Lopez-Hilfiker et
al., 2016; Malm et al., 2017). Interestingly, the highest sulfate
increase during drought is found in the SEUS (Fig. 1d), pre-
sumably due to enhanced gas-phase sulfate production and
reduced wet deposition (Wang et al., 2015; Xie et al., 2019).
The higher sulfate concentrations during droughts lead to the
enhanced formation of IEPOX SOA, which is likely an im-
portant factor leading to a higher OA level in the SEUS.

Using the numerical drought indicator of SPEI, we calcu-
lated the linear slopes between monthly OA and SPEI in each
grid (Fig. 2a). Consistent with the composite analysis in Fig-
ure 1a, most of the grids show negative slopes with the high-
est absolute values of more than 2 µgm−3 per unit change
of SPEI occurring in the PNW region. It is noteworthy that
negative values of SPEI indicate droughts, and thus the neg-
ative slopes with SPEI signify an enhanced OA level over
most of the CONUS during drought. We further examined
the monthly time series of the regional mean of SPEI, nor-
malized OA, sulfate, and OA wildfire emissions in the PNW
and SEUS (Fig. 2b). OA in the PNW region is strongly cor-
related with OA emissions from fire with a high correlation
coefficient (R) of 0.88. The extremely high values of OA and
OA fire emissions are also concurrent with droughts when
SPEI is negative (red bars). Conversely, the SEUS has a weak
correlation between OA and OA fire emissions yet a high as-

sociation between OA and sulfate with an R value of 0.79.
Wildfire seems only to have high contributions to peak OA
values in extreme drought years, such as in 2011. Based on
the correlation coefficients, more than 60 % and 70 % of the
monthly OA variability can be explained by sulfate and wild-
fire emissions in the SEUS and PNW regions, respectively,
which deserves an in-depth exploration in the next section.

3.2 Regional analysis in the Pacific Northwest and
Southeast United States

In this section, we conducted a regional analysis of OA, fo-
cusing on OA relationships with sulfate in the SEUS and
with wildfire emissions in the PNW. In the SEUS, we cal-
culated the linear regression between OA and sulfate in
Fig. 3a following the method of Malm et al. (2017). Each
data point represents the SPEI-bin-averaged value of OA and
sulfate from each grid cell. The bins are divided to have ap-
proximately the same number of samples following Xie et
al. (2019). Only the grids with all five SPEI bins present are
used (N = 673); this includes more than 95 % of the total
grids (687). Thus, the binned regression calculation can rep-
resent the regional conditions of each SPEI bin. The resulting
linear lines and formula are also displayed in Fig. 3a. Here
the slope calculation is different from Zheng et al. (2020),
in which they averaged OA and sulfate across all the sites
in the SEUS and performed the linear regression temporally.
We adopted a spatial calculation of the linear slopes for two
reasons: (1) averaging across all the sites/grids will signifi-
cantly reduce the number of data points after the allocation
among SPEI bins, and (2) the regional mean of SPEI may
average out some drought signals because drought is grid-
specific and can differ spatially within the SEUS (Ford and
Labosier, 2014). Despite the different methods used, the lin-
ear slope in our calculation (0.56) under non-drought condi-
tions is similar to that of Zheng et al. (2020) using SEARCH
(Southeastern Aerosol Research and Characterization) sites
(0.51). Therefore, our linear slope calculation method repro-
duces the sensitivity of OA to sulfate reported by the existing
studies.

As SPEI changes from positive (non-drought) to negative
(drought), the slope between OA and sulfate becomes in-
creasingly higher, ranging from 0.56 to 0.79. This indicates
more OA formations per unit increase in sulfate as drought
severity intensifies. Although high correlations do not neces-
sarily indicate causal relationships, the chemical mechanism
of IEPOX SOA formation with the presence of sulfate is well
documented (e.g., Shrivastava et al., 2017). The higher sen-
sitivities of OA to sulfate under droughts can be explained
by the increasingly higher isoprene concentrations, as shown
in our previous studies in the SEUS (Li et al., 2022; Wang
et al., 2022b), resulting in more IEPOX in the atmosphere
to be further converted to the particle phase catalyzed by
sulfate. In addition, the formation of monoterpene-derived
organosulfates, a major component of IEPOX SOA, is also
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Figure 1. (a) Maps of the mean gridded and in situ (dots) OA under non-drought (wet and normal) conditions (left) from 1998 to 2018
in JJA and its changes from severe drought conditions (right). (b) Comparisons of statistical distributions of gridded and on-site OA mass
concentrations under severe drought (red boxes) and non-drought (blue boxes) conditions over the Pacific Northwest (left) and Southeast
region (right). (c–d) Same as (a) but for OA monthly wildfire emissions from the GFED4 inventory and sulfate, respectively.

Figure 2. (a) Map of the slopes between monthly gridded OA and SPEI. Black dots indicate the slopes with p values less than 0.05. (b) Time
series of SPEI (bar), normalized OA (black line), sulfate (blue line), and wildfire OA emissions from the GFED4 inventory (red line; right
axis) averaged across the PNW (top) and SEUS (bottom) region. The numbers indicate the correlation coefficient (R) and p value (P-val)
between OA and sulfate (blue) and wildfire emissions (red).
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Figure 3. (a) Scatter plot of the SPEI-bin-averaged sulfate and OA at each grid in the SEUS, with solid lines representing the linear
regressions of OA and sulfate. The corresponding linear formula of each SPEI bin is listed in the bottom-right corner, with N indicating the
number of data points for each regression calculation. The asterisks in the formula indicate the regression significance at a 95 % confidence
level. (b) The epoxydiol-derived SOA (IEPOX SOA), other SOA, and sulfate changes with SPEI derived from the linear regressions in (a).
Vertical bars indicate 1 standard deviation.

dependent on sulfate (D’Ambro et al., 2019), and the bio-
genic emissions of monoterpenes are likely to be intensi-
fied during droughts (Llusià et al., 2008; Wu et al., 2015).
Organosulfates originated from anthropogenic precursors are
also reported by some studies (Riva et al., 2015; Le Breton
et al., 2018), but they are mainly found in highly polluted
urban areas. We further reproduced Fig. 3a using detrended
OA and sulfate data, which can remove the effects of anthro-
pogenic emissions (Fig. S3b). A similar pattern of the grad-
ually increasing slope from the wettest (slope= 0.18) to the
driest (slope= 0.48) SPEI bin was found, which verifies that
the stronger dependence of OA on sulfate under droughts is
mainly caused by biogenic sources.

The intercept of the linear regression can be interpreted
as other OA components that are not associated with sulfate-
catalyzed IEPOX SOA, such as POA and anthropogenic SOA
(Malm et al., 2017). Figure 3b shows that the intercepts
(other OA) are stable among the five SPEI bins with a dif-
ference of less than 0.2 µgm−3 (15 %). The differences of
regional mean OA minus the intercepts can then be regarded
as IEPOX SOA related to sulfate. The resulting estimate of
IEPOX SOA is 1.45, 1.68, 1.78, 2.02, and 2.39 µgm−3 for
the five SPEI bins, ranging from wet to dry conditions. These
values correspond to an increase of 0.30 µgm−3 IEPOX SOA
per unit decrease in SPEI. Interestingly, there is also an in-
creasingly higher sulfate level from wet to dry SPEI bins,
with a mean value of 2.59, 2.63, 2.71, 2.80, and 3.03 µgm−3,
respectively, corresponding to an overall increase rate of
0.14 µgm−3 sulfate per unit decrease in SPEI. Therefore, the
increase in OA in the SEUS under droughts is largely caused
by the boosted formation of BSOA due to the concurrent in-
crease in VOC emissions and sulfate. This is consistent with
the modeling case study by Zhao et al. (2019), who found
that 98 % of the SOA increase during drought in the SEUS

is of biogenic origin. It is noted that the approximation of
IEPOX SOA here is the upper limit of BSOA since other pro-
cesses that can lead to simultaneous changes in sulfate and
OA, such as wildfire, are miscounted as BSOA in the calcu-
lation. Further analysis is needed to attribute the changes in
SOA to different sources more accurately.

The source and sink of atmospheric sulfate are greatly
affected by clouds and precipitation because most of the
sulfate is formed in clouds and efficiently removed by wet
scavenging (Barth et al., 2000; Rasch et al., 2000; Berg et
al., 2015). Thus, it is understandable that sulfate is sensi-
tive to drought considering both clouds and precipitation are
significantly modulated under droughts. To further investi-
gate the processes causing the increase in sulfate, we an-
alyzed sulfate wet deposition, wet concentration, precipita-
tion amount, and pH values (Fig. 4a–d) from the NADP net-
work. There is a decreasing trend of sulfate wet deposition
from 1.50 kg ha−1 per month at the wettest (SPEI > 1) to
0.87 kg ha−1 per month at the driest (SPEI <−1) level. The
corresponding reduction in precipitation is 62 %. Since sul-
fate wet deposition is calculated using sulfate wet concentra-
tion weighted by precipitation, the 50 % decrease in sulfate
wet deposition is driven by the reduced precipitation, which
outweighs the increase in sulfate concentrations.

The low-level (below 700 hPa) cloud cover and liquid wa-
ter content (LWC) are not highly sensitive to droughts, with
less than 2 % and 4 % changes among the five SPEI bins,
respectively (Fig. 4e–f). Thus, the increase in sulfate wet
concentrations in precipitation is likely indicative of an en-
hanced formation of aqueous sulfate in the clouds, which
then precipitates. Alternatively, gas-phase production of sul-
fate can also be elevated under droughts due to more sul-
fur dioxide (SO2) emissions (e.g., from increased electric-
ity generation and fires) and higher temperatures (Tai et
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Figure 4. SPEI-bin-averaged sulfate wet deposition (a), wet concentration (b), precipitation amount (c), and precipitation pH values (d)
from the NADP network and the total cloud cover (e) and liquid water content (LWC; f) below 700 hPa from the MODIS satellite in the
SEUS. Vertical bars indicate 1 standard deviation.

al., 2010; Wang et al., 2017) and then washed out by rain-
water droplets, causing higher sulfate wet concentrations in
precipitation. Both of these two pathways suggest that there
is higher sulfate formation under droughts, which contributes
to the enhanced sulfate besides reduced wet deposition. Fur-
thermore, the mean pH value drops steadily with dryness
levels from 4.98 to 4.87, which further intensifies the acid-
catalyzed IEPOX ring opening and leads to faster BSOA for-
mation (Surratt et al., 2010). Although the rate of IEPOX
SOA formation is slower in cloud water compared to aerosol
particles due to its relatively higher pH values (Gaston et
al., 2014), the large liquid water content of clouds, which
promotes dissolution, could lead to significant IEPOX SOA
formation. Based on a box model simulation conducted by
Tsui et al. (2019), increasing pH values in cloud water while
keeping the other factors constant results in a slower rate of
IEPOX SOA formation. Additionally, cloud water process-
ing at pH≤ 4 can produce more IEPOX SOA than aerosol
particles. Despite the average pH value of ∼ 5 across the
SEUS region, some sites may experience more acidic rain-
water in drought months. During the study period, we found
two sites in Georgia and North Carolina with pH values of
less than 4, and their corresponding SPEI values are −0.98
and −1.39. Therefore, droughts are likely to reduce cloud
pH values lower enough at some locations and favorable for
significant IEPOX SOA formation.

Using the same approach as in the SEUS, we calculated
the SPEI-bin-averaged OA and OA wildfire emissions from
the GFED4 inventory in the PNW region shown in Fig. 5.
OA fire emissions grow from 0.09× 107 g per month at the
wettest level to 4.94× 107 g per month at the second dri-
est level (SPEI between −1.5 and −1), followed by a small
drop to 4.17× 107 g per month at the driest level (SPEI less
than −1.5). This drop is likely caused by the reduction in

Figure 5. Mean (point) and 1 standard deviation (vertical bar) of
OA (black line), wildfire OA emissions from the GFED4 inven-
tory (bright-red line; right axis), and OA with (dark-red line) and
without (blue line) local fire occurrence within each SPEI bin. The
dashed lines represent the linear regression with the slopes (Slope)
and p values (P-val) of each variable listed in the top-right corner.

the supply of fire fuel load under extreme drought conditions
(Scasta et al., 2016). Overall, OA fire emissions increase by
1.44× 107 g per unit decrease in SPEI per month. The mass
concentrations of OA resemble the changes in OA fire emis-
sions, with an overall increase rate of 1.01 µgm−3 per unit
decrease in SPEI, which indicates that more wildfire emis-
sions are the major driver of the higher OA concentrations in
the PNW.

To better quantify the contributions of wildfire, we fur-
ther separated OA values into those with local fire influences
if OA fire emissions are greater than zero at each grid in
each month and those without local fire influences if zero fire
emissions are found. The time series of OA grouped by pe-
riods with and without wildfire emissions within each SPEI
bin (Fig. S4) shows that the two groups have nearly identical
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temporal coverage, with data found in almost all years within
most SPEI bins, which indicates that the separation does not
cause temporal inconsistency. We admit that this separation
relies on the accuracy of fire emissions and cannot rule out
the effects of the long-range-transported OA from other re-
gions, especially for the widespread drought events. As a re-
sult, it may overestimate OA values with no local fire occur-
rence. With this caveat in mind, we calculated the local fire
effects as the difference between OA with and without fire
emissions within each drought bin. Under the wettest con-
ditions, there is a minor difference of 0.23 µgm−3 between
OA with and without local fire effects, while this number
becomes 4–8 times higher under droughts (SPEI < 0). The
local fire-affected OA with one unit decrease in SPEI also
increases by 0.34 µgm−3 faster than that without local fire
occurrence. This illustrates the considerable contributions of
local wildfire emissions to the changes in OA under droughts.
Other processes, such as long-range-transported aged OA
and locally produced BSOA, may also contribute to the dif-
ferences if their contributions correlate with local fire emis-
sions.

In summary, there is an increasing sensitivity of OA to
sulfate as drought conditions worsen in the SEUS, driven
by the heightened biogenic VOC emissions and the subse-
quent formation of IEPOX SOA. Sulfate levels also rise un-
der droughts, influenced mainly by the reduced precipitation
and the potentially increased aqueous and gas-phase sulfate
production. In the PNW, OA and OA wildfire emissions ex-
hibit a close correlation, indicating that wildfire emissions
significantly drive higher OA concentrations therein.

3.3 CMIP6-model-simulated organic aerosol response
to drought

In this section, we evaluated the surface OA concentrations
from 10 CMPI6 models regarding their capability in predict-
ing the observed SPEI–OA relationships over the CONUS
during JJA 1998–2014. OA values from each model were in-
terpolated linearly to match the spatial resolution of the grid-
ded observational dataset. Figure 6a–j show the spatial dis-
tributions of the slopes between SPEI and OA simulated by
each model. Compared with the observed slopes in Fig. 2a,
all models capture the strong negative slopes of more than
2 µgm−3 per unit decrease in SPEI in the PNW region except
for GFDL-ESM4, which shows a much smaller slope of less
than 1 µgm−3 per SPEI. This indicates that the CMIP6 mod-
els correctly represent the sign and magnitude of the changes
in OA fire emissions with droughts. By contrast, all the mod-
els have difficulties in reproducing the observed linear rela-
tionships between OA and SPEI in the SEUS. Compared to
the significantly negative slope from observations, most of
the models display insignificant or even positive slopes in
the SEUS. BCC-ESM1, MRI-ESM2-0, and Nor-ESM2-LM
show negative slopes only in part of the SEUS grids.

We also evaluated model-predicted average OA enhance-
ment under severe droughts relative to non-drought peri-
ods in the PNW and SEUS (Fig. 6k). In the PNW region,
CESM2-WACCM simulates an increase in OA mass con-
centration by 2.20 µgm−3, closest to the observed value
of 2.41 µgm−3, followed by UKESM1-0-LL and CNRM-
ESM2-1 with an enhancement of 1.74 and 1.64 µgm−3,
respectively. GFDL-ESM4 shows the highest underestima-
tion of the OA enhancement by 2 µgm−3 (83 %), consis-
tent with its smallest slopes shown in Fig. 6e. Smaller un-
derestimations are found in other models, ranging from
0.96 µgm−3 (40 %) for MRI-ESM2-0 to 1.4 µgm−3 (58 %)
for EC-Earth3-AerChem. In the SEUS, all the 10 models
underpredict the observed OA increase of 0.57 µgm−3, with
the two lowest underestimations of 0.21 µgm−3 (37 %) and
0.27 µgm−3 (47 %) found for Nor-ESM2-LM and MIRCO6,
respectively. The other eight models show marginal OA en-
hancements between 0.02 to 0.21 µgm−3 or even a decrease
(GISS-E2-1-G), indicating the incapabilities of these models
in predicting OA changes in the SEUS under droughts.

The poor model performance in capturing the OA changes
under severe drought in the SEUS inspires us to conduct a
further regional analysis following Sect. 3.2. The observed
and simulated changes in SEUS-mean OA, sulfate, and their
slopes within each SPEI bin are shown in Fig. 7a–c, re-
spectively. The modeled slopes are calculated in the same
way as observations (Fig. 3a), and the associated scatter
plot is shown in Fig. S5. For the absolute OA mass con-
centrations, UKESM1-0-LL has the best predictions, with
a mean bias of less than 0.5 µgm−3 in each SPEI bin.
CESM2-WACCM, CNRM-ESM2-1, EC-Earth3-AerChem,
MICRO6, and NorESM2-LM overestimate OA values, while
the other four models show an underestimation. For the sen-
sitivity of OA to droughts, NorESM2-LM performs the best,
with an increase rate of 0.13 µgm−3 per unit decrease in
SPEI, although the rate is only 50 % of the observed value of
0.25 µgm−3. This is consistent with the result that this model
has the lowest underestimation of OA enhancement under se-
vere droughts. Higher underestimations of the OA sensitiv-
ity to droughts are found in MRI-ESM2-0, BCC-ESM1, and
GFDL-ESM4, with a respective change rate of 0.09, 0.06,
and 0.02 µgm−3 per SPEI. Conversely, GISS-E2-1-G simu-
lates a decrease in OA by 0.04 µgm−3 per unit decrease in
SPEI, which is consistent with the negative OA changes un-
der severe droughts. The rest of the models do not have a
statistically significant change rate of OA with droughts at a
95 % confidence level.

As described in Fig. 3, the increase in OA under droughts
in the SEUS is due to the concurrent increase in sulfate and
biogenic VOC emissions. To investigate if the models have
this mechanism, we also evaluated the modeled sensitivities
of sulfate and the OA-sulfate slopes to SPEI. Only two mod-
els, BCC-ESM1 and MRI-ESM2-0, have statistically signif-
icant increase rates of sulfate with the decrease in SPEI, de-
spite their overestimation of ∼ 1 µgm−3 (30 %) in terms of
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Figure 6. (a–j) Slopes between CMIP6-model-simulated OA and SPEI from 1998 to 2014 during summertime, with black dots indicating
p values less than 0.05. (k) Observed and simulated OA changes under severe droughts relative to non-drought conditions during the same
study period in the PNW and SEUS regions.

the absolute sulfate concentrations. BCC-ESM1 predicts the
same change rate as observations with a value of 0.08 µgm−3

per unit change of SPEI, while MRI-ESM2-0 predicts a rate
of 0.18 µgm−3, more than double the observed rate. For the
slopes between OA and sulfate, however, all models cannot
reproduce the observed increase rate of 0.09 per unit de-
crease in SPEI. This suggests either an insensitivity of bio-
genic VOC emissions in response to droughts or a lack of
explicit aqueous chemistry for SOA formation in the mod-
els. For a further investigation, we summarized how SOA is
treated in each model (Table S1). In fact, SOA schemes in
the 10 CMIP6 models are simplified to reduce computational
cost as the climate models need to perform hundreds of years
of simulations with many ensemble members (Eyring et
al., 2016). BCC-ESM1 and CESM2-WACCM use a volatil-
ity basis set (VBS) approach that categorizes VOCs based
on their volatility and simulates the chemical aging process
that leads to the formation of SOA. In CNRM-ESM2-1, SOA
is prescribed from a monthly inventory without inline cal-
culation. EC-Earth3-AerChem, GISS-E2-1-G, and MIROC6
include the two-product scheme, in which VOC oxidation
leads to non-volatile and semi-volatile products. The rest
of the models assume a fixed percentage of yield from the
emissions of VOCs. In short, the heterogeneous formation

of IEPOX SOA through reactive uptake on aqueous sulfate
is not parameterized in the models. Therefore, the linear re-
lationship between OA and sulfate in the models is not in-
dicative of the mechanistic dependence of OA on sulfate as
demonstrated in observations. Similar anthropogenic sources
(e.g., fossil fuel combustion) and photochemical oxidants
(e.g., O3 and OH) leading to the simultaneous production of
sulfate and OA can also result in positive correlations (Zhang
et al., 2011). The lack of the IEPOX SOA formation mech-
anism further explains why the enhancements of OA in the
SEUS are barely captured by these models.

To sum up, most of the models can represent the lin-
ear relationships between OA and SPEI in the PNW re-
gion, with CESM2-WACCM and GFDL-ESM4 performing
the best and worst in predicting the OA enhancement un-
der severe droughts. However, all the models face challenges
in capturing the OA increases under droughts in the SEUS,
with Nor-ESM2-LM and MIRCO6 showing relatively bet-
ter performance indicated by their lower underestimation of
OA enhancement. These challenges are mainly caused by the
lack of parameterizations of the aqueous formation of IEPOX
SOA and the model deficiencies in capturing the increase pat-
tern of sulfate as drought intensifies.
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Figure 7. SPEI-bin-averaged values of OA (a), sulfate (b), and slopes of OA and sulfate (c) from observations (black lines) and simulations
(red lines) in the SEUS. Vertical bars indicate 1 standard deviation. The numbers in each subplot indicate the slopes (Slope) and p values
(P-val) of the linear regression between each variable and SPEI.

4 Conclusions

In this study, the changes in organic aerosol (OA) in re-
sponse to drought in the CONUS were examined. We first
displayed the spatial patterns of OA under non-drought and
severe drought conditions and found most of the CONUS ex-
periences an abnormally higher level of OA by an average
of 0.72 µgm−3 relative to wet and normal conditions. Re-
gionally, the highest average increase occurs in the PNW
and SEUS areas by 1.79 µgm−3 (112 %) and 0.92 µgm−3

(33 %), respectively. The concurrent enhancement of wildfire
OA emissions in the PNW and sulfate in the SEUS provides

more insights into an in-depth investigation over these two
regions.

In the SEUS, a linear regression between OA and sulfate
was applied to estimate the amount of IEPOX SOA and other
OA. Although a similar method has also been used by other
studies (e.g., Malm et al., 2017), it is necessary to be aware
of its limitations that the approximation of IEPOX SOA is
the upper limit of BSOA since other processes that can lead
to simultaneous changes in sulfate and OA are miscounted as
BSOA in the calculation. Results from this simplified method
indicate that the IEPOX SOA drives the increase in total OA
from wet to dry conditions, while other OA stays stable. The
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increase in both biogenic VOC emissions and sulfate un-
der droughts leads to the enhancement of IEPOX SOA. Data
from the NADP network show that up to 62 % lower precip-
itation under droughts induces slower sulfate wet deposition
rates and thus leaves more sulfate in the atmosphere. Higher
sulfate wet concentration in the precipitation indicates more
in-cloud and/or gas-phase sulfate production under droughts
since cloud cover and liquid content do not show a strong
sensitivity to droughts.

In the PNW, there is an overall increase of 1.44× 107 g
in the monthly OA wildfire emissions per unit decrease in
SPEI, which is the main driver of the elevated OA. There is
a plateau of the OA fire emissions, with SPEI between −1.5
and −1, followed by a drop with SPEI less than −1.5. This
implies that wildfire activities are not linearly related to mois-
ture and are also limited by the availability of fuel load. Di-
viding OA into groups with or without local fire influence,
we found that local fire events can increase the OA concen-
trations by 4–8 times relative to those without fire activities.
Future work is needed to further investigate the changes in
OA from other sources, such as long-range-transported OA
and BSOA, in this region.

The evaluation of surface OA concentrations from 10
CMIP6 models provides valuable insights into their predic-
tive capabilities in capturing the observed relationships be-
tween SPEI and OA over the CONUS. All the models are
found to successfully capture the negative slopes in the PNW
area, indicating correct sensitivities of OA wildfire emissions
to droughts in these models. However, deficiencies are re-
vealed in the SEUS, with most models displaying insignifi-
cant or positive slopes between OA and SPEI as opposed to
significantly negative slopes from observations. The assess-
ment of average OA enhancement during severe droughts rel-
ative to non-drought periods further underscores the models’
varying degrees of accuracy in simulating OA response to
drought. In the PNW, CESM2-WACCM stands out, with its
simulated OA increase of 2.20 µgm−3 being closest to the
observed value of 2.41 µgm−3, while GFDL-ESM4 exhibits
the highest underestimation of OA enhancement by 2 µgm−3

(83 %). In the SEUS, all models consistently underpredict the
observed OA increases, highlighting their limitations in pre-
dicting OA changes in this region under drought conditions.
These limitations can be mainly attributed to the insensitivi-
ties of sulfate to SPEI and the model deficiencies in the pa-
rameterization of the IEPOX SOA dependence on inorganic
sulfate.

This study reveals the key drivers of the enhanced OA
mass concentrations in the CONUS, including higher wild-
fire emissions and the simultaneous increase in biogenic
VOC emissions and inorganic sulfate, which highlights the
complex physical and chemical processes involved in the
aerosol composition changes under droughts. The discrepan-
cies in simulating OA enhancements during severe droughts
underscore the need for ongoing model improvement, partic-
ularly in accurately representing the emissions of biogenic

isoprene and monoterpene, the life cycle of sulfate, and their
intricate interactions. Addressing these limitations will be
crucial for enhancing the reliability of climate models and
their ability to predict the impact of future droughts on atmo-
spheric composition and air quality in the CONUS.
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