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ABSTRACT: Ozone (O3) pollution threatens global public health and
damages ecosystem productivity. Droughts modulate surface O3 through
meteorological processes and vegetation feedbacks. Unraveling these influences
is difficult with traditional chemical transport models. Here, using an
atmospheric chemistry−vegetation coupled model in combination with a
suite of existing measurements, we investigate the drought impacts on global
surface O3 and explore the main driving processes. Relative to the mean state,
accelerated photochemical rates dominate the surface O3 enhancement during
droughts except for eastern U.S. and western Europe, where reduced stomatal
uptakes make comparable contributions. During 1990−2012, the simulated
frequency of O3 pollution episodes in western Europe decreases greatly with a
negative trend of −5.5 ± 6.6 days per decade following the reductions in
anthropogenic emissions if meteorology is fixed. However, such decreased
trend is weakened to −2.1 ± 3.8 days per decade, which is closer to the observed trend of −2.9 ± 1.1 days per decade when year-to-
year meteorology is applied because increased droughts alone offset 43% of the effects from air pollution control. Our results
highlight that more stringent controls of O3 precursors are necessary to mitigate the higher risks of O3 pollution episodes by more
droughts in a warming world.
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1. INTRODUCTION

Ozone (O3) pollution is a key concern for global human health
and land ecosystems.1−5 As a secondary pollutant, tropospheric
O3 is primarily formed by the photochemical reactions
involving nitrogen oxides (NOx  NO + NO2) and volatile
organic compounds (VOCs) that have both anthropogenic and
biogenic sources.6,7 Meanwhile, O3 is lost through photolysis
in the presence of water vapor and dry deposition to the
vegetated surface.8 The regional O3 level depends not only on
the local chemical production but also on the transboundary
transportation.9 These processes are sensitive to meteoro-
logical variables, such as daily maximum temperature,
atmospheric relative humidity, and cloud cover fraction.10−12

Drought is a recurring climate extreme that has devastating
impacts on the ecological environment.13,14 It can also shape
surface O3 by modulating emissions of biogenic O3
precursors,15 chemical production rate,16 loss rate through
dry deposition,17 and atmospheric transport/mixing.18 While
drought affects surface O3 through chemical and vegetation
processes, it remains a challenge to disentangle these effects
mainly because two-way coupling is not adequately repre-
sented in most of the terrestrial biosphere models and/or
global chemistry models. For example, O3 dry deposition and
biogenic emissions in current chemical transport models
usually lack the responses to phenology, CO2 concentrations,
or soil water availability.19−21

Here, we examine the impacts of drought on the global

trends of O3 pollution episodes (OPEs) from 1981 to 2015
using a newly developed atmospheric chemistry−vegetation
model in combination with a suite of existing measurements
(see Section 2). The Yale Interactive terrestrial Biosphere
(YIBs) model has been recently coupled with the chemical

transport model GEOS-Chem (GC-YIBs) to consider the
interactions between atmospheric pollution and land ecosys-
tems.22 The photosynthesis-dependent stomatal conductance

and BVOC emission schemes applied in GC-YIBs reasonably
reproduce the observed reductions in both dry deposition and
isoprene emissions during droughts. With these updates, we

quantify the contributions of various processes (chemistry,
isoprene emissions, dry deposition, transport, mixing, and
convection) to the changes of O3 in response to droughts.
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2. MATERIALS AND METHODS

2.1. Site-Level Measurements. We collected isoprene
emission datasets from two field campaigns at the Missouri
Ozarks flux (MOFLUX) site in summers 201123 and 2012.24

The MOFLUX site is located in central Missouri (38.74°N,
92.20°W) and dominated by broadleaf deciduous forests. The
site experienced a mild drought in the late summer of 2011 and
an extreme drought in the summer of 2012. Therefore, this set
of data has been widely used to investigate the isoprene
changes in response to drought.15,25

There are few sites providing observations of the O3 dry
deposition velocity for both dry and wet conditions. Sorting
previous publications, we found three sites with available
measurements including the Ontario site (44.19°N, 79.56°W)
in Canada, the Mea Moh site (18.28°N, 99.72°E) in Thailand,
and a former Anglo-Brazilian Amazonian Climate Observation
Study (ABRACOS) site (10.1°S, 61.9°W) in southwest
Amazon.26−28 The differences between dry and wet conditions
at these sites are used to evaluate the performance of the GC-
YIBs model in simulating the response of the O3 dry
deposition velocity to droughts.
Meanwhile, two unprecedented droughts in summer 2012 in

Missouri, U.S., and summer 2003 in southwest Europe are
selected to evaluate the performance of the GC-YIBs model in
simulating the responses of daily maximum 8-h average
(MDA8) O3 concentrations to droughts. We apply quality
controls (data available for at least 18 h per day and 26 days
per month) to select sites with continuous observations in
summers 2011 and 2012 in the state of Missouri, U.S., and
summers 2003 and 2004 in southwest Europe. As a result,
MDA8 O3 concentrations are calculated from 18 sites (Table
S1, https://www.epa.gov) in Missouri, USA, from Clean Air
Status and Trends Network (CASTNET) and 15 sites (Table
S2, http://ebas.nilu.no) in southwest Europe from European
Monitoring and Evaluation Programme (EMEP). Additionally,
measurements from nine sites (Table S3) with continuous
records are used to evaluate the simulated O3 pollution episode
trend in western Europe during 1990−2012.
2.2. GC-YIBs Model. GC-YIBs is a coupled global

atmospheric chemistry−vegetation model developed by
implementing YIBs into GEOS-Chem version 12.1.0.22 It
links atmospheric chemistry and ecosystems in a two-way
coupling: the YIBs predicts daily LAI and hourly stomatal
conductance for the dry deposition and isoprene emissions in
GEOS-Chem v12.1.0; in turn, online-simulated surface O3 in
GEOS-Chem v12.1.0 influences the carbon cycle and plant
growth in YIBs. In GC-YIBs, the GEOS-Chem and YIBs
models are driven by the same meteorological fields from the
MERRA2 reanalysis.29

GEOS-Chem is a global three-dimensional (3D) chemical
transport model widely used by research groups around the
world. It includes fully O3−NOx−hydrocarbon−aerosol
chemical mechanisms with more than 100 species and 300
reactions.30,31 Previous studies have evaluated the GEOS-
Chem chemical module and found that GEOS-Chem can
generally capture the relationship between O3 and temper-
ature.32,33 The anthropogenic and biogenic emissions are
calculated through the online Harvard NASA Emissions
Component (HEMCO) module.34 Global daily biomass
burning emissions apply Global Fire Emissions Database
version 4.1 (GFED4.1) inventory from 1997 to 2016.35 Global
anthropogenic emissions inventory is from Emissions Database

for Global Atmospheric Research (EDGAR v43, https://edgar.
jrc.ec.europa.eu), which provides monthly emissions by
multiplying seasonal scaling factors to the annual total
emissions. In addition, GEOS-Chem uses some regional
inventories, mainly including the EMEP inventory over
1990−2012 in Europe (https://www.emep.int), the NEI
inventory over 2006−2013 in USA (https://www.epa.gov),
and the MIX inventory over 2008−2010 in Asia (http://www.
meicmodel.org). The stomatal uptake in the dry deposition
scheme of GEOS-Chem is updated by the online YIBs model22

(see details in the Supporting Information, SI), while the
nonstomatal uptake is still calculated using the Wesely36

scheme. In GEOS-Chem v12.1.0, the isoprene emission is
estimated using the Model of Emissions of Gases and Aerosols
from Nature version 2.1 (MEGAN2.1) algorithm.37 However,
recent studies showed that the MEGAN2.1 scheme poorly
simulated the changes of isoprene emissions in response to
droughts because this scheme applies an empirical algorithm to
represent the responses of isoprene emissions to soil moisture
(see details in the SI), which is highly dependent on the
selection of wilting point.24,25,38 To reduce uncertainties from
isoprene simulation, we couple a photosynthesis-dependent
isoprene emission scheme (PS_BVOC, see details and
comparisons in the SI) within YIBs into GEOS-Chem to
quantify the effects of isoprene changes on surface O3 under
drought conditions.
YIBs is a terrestrial vegetation model developed by Yue and

Unger.39 It can dynamically predict the changes in LAI and
tree height through carbon assimilation, respiration, and
allocation processes. The model computes plant photosyn-
thesis for nine plant functional types (PFTs) based on the
Farquhar et al.40 and Spitters41 schemes. The leaf-level
stomatal conductance follows the model of Ball and Berry.42

The LAI and carbon allocation algorithms follow the TRIFFID
model.43 The YIBs model calculates leaf-level isoprene
emission using the PS_BVOC scheme, which depends on
the photosynthesis rate.44 The detailed parameter setting of
YIBs is well documented in an earlier study.39

2.3. O3 Budget Diagnostic. GEOS-Chem v12.1.0 and
later versions apply a mass balanced approach to diagnose the
O3 budget for three column regions, including the troposphere,
planetary boundary layer (PBL), and full column (http://wiki.
seas.harvard.edu/geos-chem). The O3 budget is calculated as
the difference in vertically integrated column O3 mass before
and after major processes, including chemistry, transport,
mixing, convection, and dry deposition. These diagnostics are
self-consistent and fully conservative. Thus, the changes in net
O3 production (ΔOP) are driven by six processes, including
chemistry (ΔCH), transport (ΔTR), mixing (ΔMI), con-
vection (ΔCO), isoprene emission (ΔIS), and dry deposition
(ΔDR): ΔOP = ΔCH + ΔTR + ΔMI + ΔCO + ΔIS + ΔDR.

2.4. Definition of Drought Pentads. For decades, many
drought indices were developed for drought assessment,45−48

such as the standardized precipitation index (SPI), palmer
drought severity index (PDSI), and standardized precipitation
evapotranspiration index (SPEI). These indices can be
calculated on a range of timescales from 1 to 48 months,
representing the monthly, seasonal, and interannual changes of
dry and wet conditions. However, it is difficult to use these
common indices to identify droughts with a duration of less
than 1 month.49,50 Recently, flash droughts have been
categorized as a type of climate extreme, which is defined
based on the pentad-average daily maximum temperature and
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soil moisture, representing dry or wet conditions on a
submonth scale.51−55 In this study, we choose flash droughts
to investigate the changes of O3 in response to droughts
because our study mainly focuses on O3 pollution episodes,
which usually last 1−7 days.
We focus on the drought events occurring in growing

seasons (May−October in the mid-high northern hemisphere,
November−April in the mid-high southern hemisphere, and
January−December in the tropics).56 For each year, the
seasons are divided into 36 pentads (a pentad includes five
days) in the mid-high latitudes but 73 pentads in the tropics.
So, we collect 1260 pentads in mid-high and 2555 pentads in
low latitudes for all grid cells during 1981−2015. A drought
pentad is defined if the pentad-average daily maximum
temperature (Tmax) anomaly is greater than one standard
deviation and soil moisture is less than 40th percentile.51,52 For
each grid cell, we define the frequency of drought pentads as
the percent of drought pentads in the total number of pentads
(N/Ntotal).

2.5. Model Experiments. With the GC-YIBs model, we
conduct three simulations to quantify the changes of O3
production and the frequency of OPEs (MDA8 greater than
95th percentile) in response to drought pentads: (1) FIX is
driven with averaged meteorological variables for 1980−2015.
To retain the seasonal and diurnal variability, the hourly and 3-
hourly variables for each day of the year are averaged through
1980−2015. The reason why we design FIX simulation using
averaged meteorology is to avoid drought conditions in some
areas if meteorology from a specific year is applied. (2) VAR is
driven with year-to-year meteorological variables from 1980 to
2015. (3) VAR_FIXISOP is the same as the VAR simulation but
applies isoprene emissions from the FIX simulation. The time
steps in the GC-YIBs model are set to half an hour for dynamic
(transport, PBL mixing, cloud convection and wet deposition)
and 1 h for chemistry (dry deposition, emissions, and
chemistry) processes. Each simulation is driven with
meteorological fields from MERRA2 reanalysis with a
horizontal resolution of 5 × 4° (longitude by latitude) from

Figure 1. Evaluation of the biogeochemical responses to drought in the GC-YIBs model. (a) Comparison of the relative changes in isoprene
emission rates caused by drought (2012 minus 2011) between observation (black) and simulation (red) at site MOFLUX (38.74°N, 92.20°W)
using a PS_BVOC scheme. The letters A to L in the X axis represent 12 drought pentads. (b) Comparison between observed and simulated
changes in the O3 dry deposition velocity during droughts at three sites, including the Ontario site (44.19°N, 79.56°W) in Canada (circle, July of
2012 minus July of 2009), the Mea Moh site (10.28°N, 99.72°E) in Thailand (square, January−April minus May−August of 2004), and the
ABRACOS site (10.1°S, 61.9°W) in southwest Amazon (triangle, September−October minus May of 1999). (c) Comparison between observed
and simulated changes in daily maximum 8-h average (MDA8) O3 concentrations during the drought pentads in summer 2012 relative to summer
2011 from 18 sites (red triangles in the upper-left corner) in Missouri, U.S. (d) Comparison between observed and simulated MDA8 O3 from 15
sites (red triangles in the upper-left corner) in response to 2003 summer drought (2003 minus 2004) in southwestern Europe.
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1980 to 2015. The first-year simulation is defined as spin-up,
and the simulations from 1981 to 2015 are used for analyses.
For selected drought pentads on each grid cell, the differences
between VAR and FIX simulations represent O3 changes in
response to drought pentads because both simulations have the
same anthropogenic and wildfire emissions. The differences
between VAR and VAR_FIXISOP simulations isolate the
impacts of isoprene emissions on O3 for selected drought
pentads.
2.6. Offsetting Effects. In this study, we attempt to

quantify the offsetting effects (OFEs) of increased droughts on
air pollution control in Europe based on the differences of
OPE trends between FIX (TROPEs, FIX) and VAR simulations
(TROPEs, VAR), which include impacts from a wide variety of
meteorology. Here, we apply the drought impact factor f to
isolate the OFE of drought pentads from other meteorology on
air pollution control in Europe: OFE = [(TROPEs,VAR −
TROPEs,FIX)/TROPEs, FIX] × f × 100%. In general, the OPEs
driven by unfavorable meteorological factors are accompanied
by local high temperature or low humidity extremes.26−28

Thus, we define f simply based on frequencies of OPEs with
drought pentads (OPEDs) and OPEs with high temperature
(daily maximum temperature is greater than one standard
deviation) or low humidity (daily relative humidity is lower
than one standard deviation) extremes (OPETHs): f =
OPEDs/OPETHs (see calculated f values in the SI). Although
this simple definition includes some uncertainties that high
temperature or low humidity extremes cannot represent all
unfavorable meteorological factors for OPEs, it provides an
effective way to explore the offsetting effects associated with
only drought pentads.

3. RESULTS
3.1. Model Evaluation. The simulated isoprene emissions,

O3 dry deposition velocities, and MDA8 are evaluated based
on site-level measurements (Figures S3−S5). The results show
that the GC-YIBs model can generally capture observed
isoprene emissions, O3 dry deposition velocities, and MDA8
with the correlation coefficients of 0.57−0.7 (see details in the
SI). To promote the confidence level of this study, the
simulated changes in isoprene emissions, O3 dry deposition
velocities, and MDA8 in response to drought are further
evaluated.
Site-level measurements have shown that isoprene emissions

stay constant or slightly increase at the initial stages of drought
but shift to a large reduction at the middle-late stages of
drought.14,15,23,24,57 We evaluate the PS_BVOC scheme in
simulating isoprene emissions at the MOFLUX site during
drought pentads (Figure 1a). Here, we mainly focus on the
relative changes of isoprene emissions in response to drought
pentads because both the PS_BVOC and MEGAN2.1 schemes
underestimate the magnitude of isoprene emissions (see
absolute changes in the SI). The site experienced 13 drought
pentads in summer 2012 but only 2 in summer 2011. We select
12 pentads with drought in 2012 but normal conditions in
2011. The isoprene changes in 2012 relative to 2011 during
the 12 selected pentads represent the response of isoprene
emissions to drought pentads. Observed isoprene emissions
remained stable for the first three pentads but then decreased
gradually during the remaining nine pentads. Compared to
observations, the PS_BVOC scheme reasonably captures the
reductions in isoprene emissions during the last nine drought
pentads but fails at the first three pentads. The PS_BVOC

scheme calculates isoprene emissions based on vegetation
photosynthesis, which decreases in response to drought stress.
However, laboratory studies showed that nonphotosynthesis
carbon pools may dominate the synthesis of isoprene emitted
during early or weak drought conditions.58−60

Dry deposition regulates the O3 sink and is sensitive to
meteorological variables. We collected existing measurements
from three sites across Canada, Thailand, and southwest
Amazon to evaluate the responses of the O3 dry deposition
velocity to drought (Figure 1b). Relative to wet conditions,
daytime means the O3 dry deposition velocity decreased by 0.5
cm s−1 at the ABRACOS site, 0.49 cm s−1 at the Ontario site,
and 0.26 cm s−1 at the Mea Moh site under dry conditions.
Compared to observations, the GC-YIBs model slightly
overestimates the reduction of the O3 dry deposition velocity
by 0.04 cm s−1 at the Ontario site and 0.07 cm s−1 at the Mea
Moh site but underestimates it by 0.14 cm s−1 at the
ABRACOS site.
We further evaluate the simulated MDA8 O3 in response to

severe droughts in Missouri (U.S.) and southwest Europe.
Compared to summer 2011, observed MDA8 increases by 7.91
ppbv averaged over 210 drought pentads in summer 2012 in
Missouri (Figure 1c). An average increase of 13.5 ppbv in
surface O3 is observed at 181 drought pentads in summer 2003
relative to summer 2004 in southwest Europe (Figure 1d).
Compared to observations, simulations predict a similar
enhancement of 7.68 ppbv in Missouri with a correlation
coefficient of 0.67 (p < 0.05). However, the GC-YIBs model
predicts a smaller O3 enhancement of 8.2 ppbv in southwest
Europe with a correlation coefficient of 0.53 (p < 0.05).

3.2. Attribution of O3 Changes within the Planetary
Boundary Layer. Drought pentads show high frequencies in
the tropics but low occurrence in the boreal regions (Figure
S6). On the global scale, drought pentads account for 2.6%
days (including all grids) on average during 1981−2015,
leading to an enhancement (the difference between VAR and
FIX simulations during drought pentads) of O3 by 2.8 ppbv.
Regionally, the largest frequency of drought pentads is found
in India, which is mainly related to unstable South Asian
summer monsoon.61,62 Additionally, drought pentads account
for 15.3% days in central Africa (10°S to 10°N, 10°E to 40°E),
13.7% in Amazon (25°S to 0°, 70°W to 40°W), 9.4% in
eastern U.S. (30°N to 44°N, 95°W to 75°W), 7.6% in western
Europe (40°N to 60°N, 0° to 50°E), and 7.3% in eastern
China (22°N to 46°N, 105°E to 122.5°E). The more frequent
drought pentads increase regional O3 by 5.5 ppbv in eastern
U.S., 3.5 ppbv in eastern China, 6.5 ppbv in western Europe,
2.7 ppbv in Amazon, and 1.8 ppbv in central Africa (Figure
S7).
Based on the changes of the O3 budget in VAR simulation

relative to FIX simulation, we further quantify the contribu-
tions of six processes, including chemistry, isoprene emissions,
dry deposition, convection, mixing, and transport, to the O3
anomaly during drought pentads (Figures 2 and S8). Overall,
the changes in chemistry, reductions in dry deposition, and
increases in convection processes increase O3, while the
decreased isoprene emissions and increased mixing and
transport processes reduce O3 during drought pentads. Except
in western Europe, the largest positive contribution is from the
chemical process, which increases O3 by 1.78 Gg/day in
eastern U.S., 1.56 Gg/day in eastern China, 1.2 Gg/day in
Amazon, and 1.1 Gg/day in central Africa. Increased soil NOx
emissions (Figure S9d) under drought pentads promote the

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c07260
Environ. Sci. Technol. 2022, 56, 3932−3940

3935

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07260/suppl_file/es1c07260_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07260/suppl_file/es1c07260_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07260/suppl_file/es1c07260_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07260/suppl_file/es1c07260_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07260/suppl_file/es1c07260_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07260/suppl_file/es1c07260_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07260/suppl_file/es1c07260_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07260/suppl_file/es1c07260_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07260/suppl_file/es1c07260_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07260/suppl_file/es1c07260_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c07260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


concentrations of O3 precursors. Additionally, the drought-
induced enhancement in Tmax (Figure S9a) and reduction in
atmospheric relative humidity (Figure S9b) accelerate photo-
chemical reaction rates,12,63,64 resulting in large increases of O3
in high oxidizing environments. For the Amazon and central
Africa, where anthropogenic emissions are low, frequent
wildfires promote ambient concentrations of precursors,
making these regions sensitive to drought pentads (Figure
S10b).
Dry deposition also makes important contributions to the

O3 anomaly. Such contributions show comparable magnitude
to the chemistry processes in eastern U.S. and western Europe,
where dry deposition, respectively, increases to O3 by 1.27 and
0.78 Gg/day. During drought pentads, plants reduce stomatal
conductance to prevent water loss (Figure S9e). Such

physiological response inhibits O3 dry deposition (Figure
S9f), leading to enhanced O3. It should be noted that there are
limited changes in the O3 dry deposition velocity under
drought pentads in the tropics despite the changes of stomatal
conductance are comparable with those in mid-high latitudes.
This discrepancy may be attributed to moderate meteoro-
logical anomaly (Figure S9a,b) during drought pentads caused
by the smaller interannual variability of climate in the tropics.
Additionally, decreased isoprene emissions (Figure S2d)
reduce O3 by 0.4 Gg/day in eastern U.S., 0.25 Gg/day in
western Europe, 0.07 Gg/day in eastern China, and 0.08 Gg/
day in central Africa.
Transport processes in the GC-YIBs model represent O3

advection in the vertical and horizontal directions, which is
influenced by large-scale circulation anomalies. During drought
pentads, anomalous downdraft and diverging flows related to
high-pressure systems enhance O3 horizontal transport. For
these regions, transport processes reduce O3 by 1.05 Gg/day in
eastern U.S., 0.54 Gg/day in western Europe, 0.95 Gg/day in
eastern China, 0.9 Gg/day in Amazon, and 0.72 Gg/day in
central Africa. Such magnitude of changes is secondary to
chemical processes but with opposite signs. Mixing processes
in the PBL represent the O3 exchange between the PBL and
the free troposphere. Increased PBL height (Figure S9c) under
drought pentads enhances O3 upward mixing from the PBL to
the free troposphere, leading to reductions in surface O3 by
0.53 Gg/day in eastern U.S., 0.22 Gg/day in western Europe,
0.19 Gg/day in eastern China, and 0.21 Gg/day in central
Africa. Additionally, drought pentads inhibit the development
of cloud convection, which increases O3 by 0.18 Gg/day in
eastern U.S., 0.23 Gg/day in western Europe, 0.27 Gg/day in
eastern China, 0.21 Gg/day in Amazon, and 0.13 Gg/day in
central Africa.

3.3. Consequences and Implications. OPEs are often
accompanied by drought pentads (Figure S11). Here, we use a
co-occurrence frequency ratio (CFOD) to investigate the
dependence of OPEs on drought pentads. CFOD is defined
as the ratio between the frequency of OPEs with drought
pentads (OPEDs) and the frequency of all OPEs:

Figure 2. Attribution of drought-induced changes in O3 within the
planetary boundary layer using the changes of O3 budget in VAR
simulation relative to FIX simulation during drought pentads. The
contributions of six processes to the O3 anomaly in eastern U.S.
(EUS), western Europe (WUR), eastern China (ECN), Amazon
(AMZ), and central Africa (CAF) are shown for drought pentads.
The red, blue, orange, violet, pink, and green colors represent
contributions by chemistry, dry deposition, convection, mixing,
isoprene emissions, and transport processes, respectively.

Figure 3. Impacts of drought pentads on O3 pollution episodes. (a) Linear trends of the drought pentads per year during 1981−2015. The black
dots indicate statistically significant changes (p < 0.01). (b) Linear trends of O3 pollution episodes (OPEs) occurrence in western Europe (WUR,
1990−2012), Amazon (AMZ, 1997−2015), and central Africa (CAF, 1997−2015). The positive (negative) value represents that OPEs become
more (less) frequent. The black bar in panel (b) represents observed OPE trends in western Europe calculated using long-term measurements at
nine sites (Table S3). The blue and red bars represent OPE trends in FIX and VAR simulations, respectively. The green bars represent OPE trends
separated by the drought impact factor (details in SI). The black error bars represent the one standard deviation of grids.
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drought pentads is found in the U.S., western Europe, central
Africa, and Amazon, where OPEDs can account for 46, 55, 45,
and 67% of the OPEs, respectively. In eastern China, OPEDs
only account for 30% of the OPEs, indicating the importance
of anthropogenic emissions and other weather extremes on
OPEs.
A positive trend of drought pentads influences the regional

tendency of OPEs. Since 1980, OPEs showed limited
reductions in Europe,17 despite the large decline of chemical
precursors for NOx (50%, Figure S10c) and nonmethane
VOCs (67%).65 Meanwhile, drought pentads increased by
1.8% per decade in western Europe from 1981 to 2015 (Figure
3a), which is mainly attributed to increased heatwave
occurrence (Figure S12a). Following the reductions in O3
precursors, the frequency of OPEs decreases greatly during
1990−2012 with a negative trend of −5.5 ± 6.6 days per
decade if fixed meteorology (FIX) is used. However, such
decreased trend is weakened to −2.1 ± 3.8 days per decade if
the simulation is driven by year-to-year meteorology (VAR),
which is close to the observed trend of −2.9 ± 1.1 days per
decade (Figures 3b and S13). Furthermore, we separate the
impacts of drought pentads from climate change on OPEs
based on the drought impact factor f (see details in Section
2.6). Considering the impacts of increased drought pentads
alone, the frequency of OPEs shows a trend of −3.1 ± 4.6 days
per decade during 1990−2012, suggesting that increased
drought pentads offset 43% of the effects from air pollution
control policy over past 23 years (see methods in Section 2.5).
Similar conclusions were achieved by an earlier study,17 which
attributed the changes of OPEs in Europe mainly to the
weakened vegetation feedback during droughts. Our results
highlight that the effects of chemical processes show
comparable magnitude to the reduced dry deposition in
Europe but outweigh the effects of dry deposition changes
elsewhere globally (Figure 2).
Amazon and central Africa also suffer increased drought

pentads in the past three decades due to decreased rainfall
(Figures 3a and S12b). In contrast to Europe, the formation of
surface O3 in these two regions is dominated by natural
emissions from wildfires.66 For central Africa, the frequency of
OPEs decreases by −4.4 ± 11.2 days per decade from 1997 to
2005 in FIX simulation, following reduced O3 precursors
generated by wildfires (p < 0.01, Figure S10d). As considering
the impacts of increased drought pentads alone in meteorol-
ogy, such decreased trend is weakened to −2.5 ± 8.7 days per
decade. Similarly, increased drought pentads (3.1% per
decade) turn the decreased OPE frequency with a negative
trend of −1.5 ± 11.4 days per decade to the increased OPE
frequency with a positive trend of 0.9 ± 7.7 days per decade
from 1997 to 2015 (Figure 3b). These results show that
increased drought pentads either exacerbate O3 pollution or
hinder the recovery of air quality.

4. UNCERTAINTIES

The simulated effects of dry deposition on surface O3 in the
tropics are generally smaller than those in the mid-high
latitudes. This discrepancy may be attributable to two aspects:
(1) Compared with the mid-high latitudes, the smaller
interannual variability of climate in the tropics results in
moderate meteorological anomaly during drought pentads
(Figure S9), leading to limited effects on vegetation during

drought pentads. (2) The GC-YIBs model slightly under-
estimates the changes of O3 dry deposition in response to
droughts in the tropics (Figure 1b).
There are some uncertainties in simulated O3 and the

associated processes. For isoprene emissions, the PS_BVOC
scheme shows lower correlations than MEGAN v2.1 for the
global evaluations (Figure S3), but it reasonably captures the
inhibition effects of drought on isoprene emissions at the
MOFLUX site (Figure 1). Both schemes underestimate the
magnitude and variability of isoprene emissions (Figure S1).
However, such underestimation may have limited impacts on
the main conclusions as attributions showed that isoprene is, in
general, a small driver of changes in surface O3 across regions
during drought pentads (Figure 2). For O3 dry deposition, this
study uses a photosynthesis-based stomatal scheme. Although
simulated dry deposition velocities are underestimated at some
sites (Figure S4), this scheme improves the simulated O3 dry
deposition velocities for major tree species22 due to
consideration of more ecophysiological responses to environ-
mental factors. For surface O3, although GC-YIBs over-
estimates the mean level of surface O3 (Figure S5), it, in
general, reproduces the observed O3 changes between drought
and normal periods (Figure 1c,d).
The model simulations in this study are limited to a low

resolution (4 × 5°) due to the high computational costs of
running integrations more than 30 years. The low resolution
will induce uncertainties on surface O3 simulation. The
comparison results of 2011 show that a high resolution of 2
× 2.5° improved the simulated surface O3 in the U.S. and
Europe compared to a low resolution of 4 × 5°, with a higher
correlation coefficient (0.68 vs 0.55) and lower root-mean-
square error (10.7 vs 11.8) (Figure S14). Similarly, the high
resolution also improved the simulated O3 dry deposition
velocity (Figure S15) and isoprene emissions (Figure S16) on
local sites due to its finer land cover and more accurate
meteorological parameters. However, those comparisons, in
general, show consistent features between the simulation with
low and high resolutions, suggesting that the relatively coarse
spatial resolution applied in this study may not change the
main conclusions achieved.
In this study, we set O3 simulated with averaged

meteorology through 1980−2015 as a baseline to explore the
effects of droughts on O3. The reason why we use averaged
meteorology is to avoid drought conditions in some areas if
meteorology from a specific year is applied. However, such an
approach may cause the loss of some nonlinear variabilities in
meteorology during the averaging process. As a check, we
performed an additional experiment with fixed meteorological
forcing in the year 1980. In this new run, similar offsetting
effects (32%) of increased droughts on air pollution control
policy in western Europe during 1990−2012 were achieved
(Figure S17).
Despite these uncertainties, our results reveal that increased

drought pentads either exacerbate O3 pollution or hinder the
recovery of air quality. Considering the increased drought
pentads in a warming world, our study highlights that more
stringent controls to both CO2 and O3 precursors are beneficial
for mitigating drought risks and improving O3 air quality in the
future.
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