
1. Introduction
Drought, as a recurring hydroclimate extreme, can strike the contiguous United States (CONUS) with various 
severity, duration, and frequency (Chen et al., 2019). Drought brings prolonged dry conditions of the atmosphere 
and the land, often accompanied by high temperatures. These conditions not only change atmospheric processing 
mechanisms of chemical constituents, such as chemistry and transport, but also perturb the land-atmosphere 
exchange of chemical species. Therefore, droughts potentially impose large changes on the abundance of reactive 
species in the atmosphere, such as ozone (O3), a criteria air pollutant detrimental to human and ecosystem health.

Most of the prior investigations of O3 changes under drought are case studies of a given drought period over 
a specific region (Abeleira & Farmer, 2017; Demetillo et al., 2019; Huang et al., 2016; Solberg et al., 2008; 
Zhang & Wang, 2016). For example, Zhang and Wang (2016) attributed high O3 extremes in October 2010 over 
the southeastern US to dry and warm weather under drought. Demetillo et al. (2019) showed summertime O3 
decreased slightly in California during the severe drought period from 2011 to 2015. These case studies reveal 
that the magnitude and sign of the drought-O3 relationship differ by region and season. Long-term analyses of 
drought impact on atmospheric composition are less common. Using in situ O3 measurements at surface sites 
and a 1-month standardized precipitation evapotranspiration index (SPEI) as an indicator of drought severity, 
Wang et al.  (2017) quantified that growing-season (March–October) droughts in the CONUS over the recent 
two-and-half decades (1990–2014) caused an average increase of 3.5 ppb in surface O3. As drought can develop 
rapidly and change severity within a month (Chen et al., 2019; Otkin et al., 2018), this study improves upon Wang 
et al. (2017) by using weekly drought indices and quantifying O3 responses to drought severity.

Drought impacts on surface O3 can result from different processes and mechanisms, including the emission of 
biogenic sources of O3 precursors [e.g., biogenic volatile organic compounds (BVOCs) and soil nitrogen oxides 
(NOx = NO + NO2)], chemical production and loss in the atmosphere, dry and wet deposition of O3 and precursors, 
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and transport and mixing related to abnormal atmospheric circulations during drought (Demetillo et al., 2019; 
Horton et al., 2014; Huang et al., 2016; Jiang et al., 2018; Kavassalis & Murphy, 2017; Lin et al., 2019; Naimark 
et al., 2021; Wang et al., 2017). For example, both laboratory and field measurements have shown that biogenic 
emissions of isoprene—the dominant BVOC species and a key O3 precursor—will increase at the initial stage of 
drought development primarily due to temperature stimulus but drop eventually under prolonged severe drought 
limited by soil water availability (Brilli et al., 2007; Pegoraro et al., 2005; Potosnak et al., 2014). Drought-induced 
changes in isoprene are expected to cause nonlinear responses in O3 chemistry under drought conditions. When 
NOx concentrations are low, O3 production changes little with increasing VOCs but increases with increasing 
NOx as NO facilitates radical recycling. This is known as the NOx-limited regime. When NOx concentrations are 
high, O3 production increases with increasing VOCs but decreases with increasing NOx as NO2 terminates radical 
propagation. This is called the VOC-limited regime. Thus, the resulting changes of O3 production under drought 
depend not only on the sign of the drought-isoprene and drought-NOx relationships but also on the O3 formation 
regimes, which is expected to be region-specific (Duncan et al., 2010; Jin et al., 2018).

This study aims to characterize regional differences in surface O3 responses to drought in the CONUS and to un-
derstand the role of O3 chemistry in causing such differences. We used gridded O3 measurements from long-term 
surface monitoring networks and weekly released US Drought Monitor (USDM) maps to explore the drought-O3 
relationships. These datasets provide better spatial coverage and finer temporal scales than previous studies of O3 
responses to drought (e.g., Wang et al., 2017). The study period is 2005–2019 with a focus on summer when O3 
chemistry is most active. We first examined how the spatial distributions of surface O3 and its precursors would 
change with drought over the CONUS. Then, a zero-dimensional model was applied to help explain the spatial 
pattern from the perspective of drought perturbations on tropospheric O3 chemistry.

2. Data and Methods
2.1. Drought Indicator

Many indices have been developed since 1916 to indicate dryness levels (Heim, 2002). Based on the location and 
sector applied, these indices consider different factors, such as precipitation, temperature, evapotranspiration, and 
vegetation health (McKee et al., 1993; Vicente-Serrano et al., 2010). Here we selected the USDM index because 
it is a composite product synthesizing not only objective indicators but also inputs of regional and local experts 
around the country (Svoboda et al., 2002). USDM maps have been released every week from 2000 to the pres-
ent. There are five dryness categories in the map, labeled Abnormally Dry (D0), Moderate (D1), Severe (D2), 
Extreme (D3), and Exceptional (D4) Drought. The USDM website (https://droughtmonitor.unl.edu/) provides the 
shapefiles of the polygons under each of the five drought categories. We downloaded, rasterized, and converted 
these weekly shapefiles to 0.5° × 0.5° gridded data with 0–4 indicating drought severity from D0 to D4, respec-
tively, and −1 indicating non-drought (wet and normal) conditions (ND). There are 196 weeks in total during our 
study period of 2005–2019 summers (June, July, August; JJA). Hereafter, we used Δ to denote the changes from 
ND for the discussed variables unless noted otherwise.

2.2. Atmospheric Composition Data

To expand the spatial coverage, we adopted and expanded the gridded hourly O3 data (1° × 1°) initially created 
by Schnell et al., (2014), which aggregates several observation networks of O3 measurements available from 2005 
to 2019. The networks include US Environmental Protection Agency's (EPA) Air Quality System (AQS), Clean 
Air Status and Trends Network (CASTNET), and Environment Canada's National Air Pollution Surveillance 
Program (NAPS).

To examine the concurrent changes of isoprene and NOx emissions, we applied the Ozone Monitoring Instru-
ment (OMI) level-3 daily total formaldehyde (ΩHCHO) and tropospheric nitrogen dioxide (ΩNO2) column data 
(https://acdisc.gesdisc.eosdis.nasa.gov/data/Aura_OMI_Level3). Since HCHO is a high-yield oxidation product 
of isoprene, ΩHCHO is commonly used as a space-based indicator of isoprene emissions (Kaiser et al., 2018; 
Zhu et al., 2017). OMI was launched in 2004 with a local overpass time around 1:30 p.m. The spatial resolution 
is 0.1° × 0.1° for ΩHCHO and 0.25° × 0.25° for ΩNO2. The values below the OMI detection limit of 1.5 × 1015 
molec/cm2 were filtered for both parameters (Duncan et al., 2010; Jin et al., 2018). All the spatial data were 

https://droughtmonitor.unl.edu/
https://acdisc.gesdisc.eosdis.nasa.gov/data/Aura_OMI_Level3
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regridded to match the USDM resolution of 0.5° × 0.5°. We first calculated the weekly mean of each variable 
(i.e., O3, ΩHCHO, and ΩNO2) and then averaging the weekly means onto each USDM level.

2.3. LaRC Zero-Dimensional Model

We used NASA Langley Research Center (LaRC) photochemical zero-dimensional model to investigate how 
O3 chemistry changes under drought conditions. Details of the model and chemical reactions were described by 
Crawford et al. (1999) and Olson et al. (2006). It is widely used to examine O3 photochemistry and has com-
parable performance with other box models (Flynn et al., 2010; Guo et al., 2021; Schroeder et al., 2017). We 
ran the model in a time-dependent mode, in which the model run continues until all the radical species reach 
diurnal equilibrium. The model was constrained by observations of trace gases including NO, NOx, methane, 
ethane, propane, ethene, isoprene, and other non-methane hydrocarbons (NMHCs), and by meteorological pa-
rameters such as temperature (T), dew point temperature (Td), solar radiation, and pressure. All these data were 
downloaded from EPA Data Mart (https://aqs.epa.gov/aqsweb/documents/data_api.html) for the AQS sites used 
to constrain the model (see Section 3.3). The model can output VOC reactivity (VOCR), rates of instantaneous  
Ox (Ox ≡ O3 + NO2) formation (FO3), destruction (DO3), and net production (PO3 = FO3 − DO3), as well as the 
reaction rates contributing to FO3 and DO3. NO2 has a high observational bias due to the monitoring method 
(Lamsal et al., 2008). Here we assume this bias has little effect on the results as we compare the relative changes 
from non-drought conditions. The details of the selected AQS sites for the model simulation are listed in Table 
S1 in Supporting Information S1. We averaged the input data within each USDM category before the model run 
to reduce noises and focus on regional drought characteristics.

3. Results
3.1. Spatial Distributions of O3 Response to Drought

Figure 1a shows the occurrence frequency of drought at each USDM level over the study period. The western and 
southern states are more prone to drought than the northeastern states, especially for D3–D4. Figure 1b shows the 
maximum daily 8-hr average (MDA8) O3 mixing ratios at ND and ΔO3 for D0–D4. Under non-drought conditions 
(ND), MDA8 O3 is higher in the western states, reflecting the average spatial distributions of summertime O3. 
Under droughts, the southeastern states have the highest ΔO3 of up to ∼15 ppb. The states on the Great Plain 
show a smaller enhancement of about 5 ppb, whereas MDA8 ozone shows a decrease during droughts over parts 
of California and Nevada. The decrease in ΔO3 from east to west clearly reveals the spatial east-west contrast in 
the O3 response to drought.

To reduce the potential sampling bias caused by the different number of grids under each USDM level (cf. Fig-
ure 1a), we first quantified the O3 changes only for those grids with all USDM levels occurring during our study 
period (grid number N = 1,067). Figure 1c displays O3 distributions by USDM over these grids. As the grid 
restriction substantially limits the areas considered, the same analysis using all the grids under each USDM level 
is shown in Figure S1 in Supporting Information S1 and similar results were found as the limited-grid approach. 
As Figure 1c shows, O3 gradually increases from ND to D4 in almost all aspects of the statistical distribution 
(e.g., mean, median, four quartiles). Compared with ND, the USDM-mean MDA8 O3 increases by approximately 
2.29, 4.17, 5.32, 6.56, and 7.55 ppb under D0-D4 respectively, with an average rate of 1.47 ppb/USDM. It is 
noteworthy that the rate of O3 increase becomes slower at higher USDM levels (D3 and D4), indicating a non-
linear change of O3 with drought severity. Although droughts are temporally irregular events, summertime O3 in 
the CONUS has a decreasing trend in the past two decades because of the reduction of anthropogenic emissions 
(Simon et al., 2015; Yan et al., 2018). To examine whether this trend would influence the O3 response to drought, 
we detrended O3 by removing the 7-year moving average from the raw O3 data in the same week of each year 
(Wang et al., 2017) and used the detrended O3 data to reproduce the O3 distributions by USDM levels in Fig-
ure 1d. The detrend also reduces the seasonal impacts caused by the uneven distributions of each USDM level 
among the summer months. As a result, the detrended data have similar O3 enhancements and change rate (1.41 
ppb/USDM) as the original data. Similar results were also found if the 5- and 9-year moving average were used 
to detrend the data (Figure S2 in Supporting Information S1), which confirms the O3 enhancement by drought 
despite decreasing anthropogenic emissions. This is consistent with the conclusions from Wang et al. (2017) that 
natural processes play a more important role in causing O3 increase during drought.

https://aqs.epa.gov/aqsweb/documents/data_api.html
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To better characterize the abovementioned east-west contrast in the response of O3 to drought, we separately 
analyzed two regions: California (33°–42°N, 114°–124°W) and the southeast (26.75°–40°N, 79°–99°W). In each 
region, only those grids with all D0–D4 occurring and no missing O3 data (Figure 1b) were used to calculate the 
regional-mean MDA8 O3 at each drought level. The distributions of MDA8 O3 in each region are displayed in 
Figures 1e and 1f. Their mean and standard deviation values are listed in Table S2 in Supporting Information S1. 
The O3 means in California increase first from ND to D1 and then drop from D1 to D4, leading to a statistically 
insignificant decrease rate of −0.06 ppb/USDM. On the contrary, average O3 values in the Southeast gradually 
increase from ND to D4, with a much higher and statistically significant rate of 2.24 ppb/USDM. This further 
consolidates the east-west disparity of O3 response to drought.

Figure 1. (a) Maps of the frequency of occurrence of each US Drought Monitor (USDM) level during the study period. The number of grids is denoted by N. (b) 
Maps of mean MDA8 O3 at non-drought (ND) (first column) and ΔO3 under other USDM levels (second–sixth columns). Blue and red boxes delineate the regions of 
California and the southeast, while N shows the number of grids therein (c and d) Boxplots for raw and detrended MDA8 O3 in the grids in which all six dryness levels 
occurred (N = 1,067), respectively (e and f) Boxplots of the distribution of MDA8 O3 changes with USDM in California (e) and the southeast (f). The upper and lower 
whiskers of the boxplots represent the ninth and first quantile, respectively. The numbers below each box show the mixing ratio changes from ND. Slopes indicate the 
MDA8 changes per USDM using a least-square linear fit of the USDM-mean MDA8. Double star marks denote P-values of the linear fit smaller than 0.01.
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In addition to MDA8 O3, we further investigated the diurnal pattern of O3 and ΔO3 by USDM in each region 
(Figure 2) in order to obtain more insight into the processes linking drought with O3 other than at the peak hours. 
The diurnal cycle of O3 at all USDM levels in each region resembles the typical O3 cycle with troughs in the early 
morning (4:00–6:00) and peaks in the early afternoon (13:00–15:00). The between-USDM difference of O3 can 
be clearly seen in the southeast (Figure 2b), yet it is not so obvious in California (Figure 2a). The diurnal patterns 
of ΔO3 in Figure 2b further illustrate the regional differences by USDM. In the morning (07:00–11:00), the 
southeast area has a fast increase of ΔO3, while in California, ΔO3 is stable at ∼0.8 ppb under D0–D1 and about 
0.2–0.4 ppb below normal (i.e., ND level) under D2–D4. In the afternoon (12:00–16:00), ΔO3 reaches its peak of 
approximately 4–12 ppb in the southeast but is at the lowest of ∼ –0.7 ppb under D2–D4 in California. From the 
late afternoon to early morning (17:00–6:00), ΔO3 gradually drops to its minimum values in the southeast, while 
it stays steady between ∼0.5 and ∼1.7 ppb in California. The abnormally low ΔO3 in California at 4:00 under 
D3 and D4 is caused by extremely low values in some coastal grids, which are outside two times the standard 
deviation of ∼3 ppb during other hours.

Overall, the diurnal changes of ΔO3 also show an opposite pattern between the southeast and California, espe-
cially during the afternoon hours when O3 quickly builds up through photochemical reactions. Because changes 
in dry deposition are reported to cause higher O3 under drought (Huang et al., 2016; Kavassalis & Murphy, 2017; 
Lin et al., 2019), the opposite behaviors of ΔO3 between the two regions for both peak O3 (i.e., MDA8) and di-
urnal patterns indicate dry deposition may not be the only factor at play. We hypothesize that O3 chemistry is an 
important process causing the east-west ΔO3 disparity under drought. To verify this hypothesis, we limited our 
scope to understanding how the O3 chemistry changes with drought in each region by examining O3 precursors 
in the next section.

Figure 2. Diurnal mean of O3 mixing ratio by US Drought Monitor (a) and their differences from non-drought (b) in two regions.
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3.2. Regional Difference of ΩHCHO and ΩNO2

To investigate the concurrent changes of O3 precursors, we compared the spatial maps of ΩHCHO and ΩNO2 
with early afternoon (13:00–14:00) O3 to match with the overpass time of OMI in Figures 3a–3c. The relative 
changes from non-drought conditions are shown in Figure S3 in Supporting Information S1. The early afternoon 
O3 changes spatially match well with those of MDA8 O3. ΩHCHO over the southeastern US is the highest, 
ranging from ∼1.2  ×  1016 to ∼1.9  ×  1016 molec/cm2, compared with other regions with values of less than 
1.0 × 1016 molec/cm2, which implies the highest isoprene emissions therein. ΩHCHO in the southeastern region 
also increases with dryness levels. In comparison, ΩNO2 has little spatial differences with the values staying at 
∼2.0 × 1015 molec/cm2, except for some relatively higher values over large urban centers (e.g., Los Angeles, New 
York, and Philadelphia).

As the relative abundance of VOC and NOx determines the O3 chemistry mechanism, the ΩHCHO to ΩNO2 
ratio (FNR) has been used to infer whether O3 formation is VOC-limited or NOx-limited (Duncan et al., 2010; 
Jin et al., 2018). High FNR is typically an indicator of NOx-limited regime and vice versa. Duncan et al. (2010) 
suggested FNR values of 1 and 2 as thresholds for VOC-limited (FNR < 1), NOx-limited (FNR > 2), and transi-
tion (1 < FNR < 2) regimes and found most of the US were under NOx-limited regime with the exception of large 
cities. Recent studies have found that the transition line between the two regimes is uncertain and changes with 
location (Jin et al., 2017; Schroeder et al., 2017; Souri et al., 2020). Figure 3d displays the FNR at each drought 
level. The spatial distribution of FNR largely follows that of ΩHCHO, with the highest values of ∼6 located in the 
southeastern US compared with the values of less than four in other areas. This indicates the regional difference 
of O3 photochemical regimes, with the southeastern US being the most NOx-limited area. Similar to ΩHCHO, 
FNR in the southeast also increases with USDM.

Figure 3. Maps of early afternoon (13:00–14:00) O3 (a), ΩHCHO (b), ΩNO2 (c), and FNR (d; ΩHCHO and ΩNO2 ratio) averaged at each US Drought Monitor 
(USDM) level. White locations indicate no valid data under a certain USDM level.
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Figure 4 compares the distributions of each variable by USDM between the two regions, with their means and 
standard deviations listed in Table S2 in Supporting Information S1 and visualized in Figure 5 to better illustrate 
the variations. ΩHCHO in the southeast is about twice of that in California (Figure 4b), while ΩNO2 is compa-
rable, with an average value of ∼2 × 1015 molec/cm2 among all USDM levels in the two regions (Figure 4c). The 
high ΩNO2 standard deviations in California can be attributable to the high agricultural soil NOx emissions in 
some areas (e.g., Central Valley). The increasing rate of ΩHCHO and ΩNO2 with drought severity in the south-
east is about 0.41 × 1015 molec/cm2/USDM and 0.036 × 1015 molec/cm2/USDM, respectively. Compared with 
ND, mean ΩHCHO (ΩNO2) in this area increased by 6.52%–22.82% (5.26%–10.52%) under D0–D4. Naimark 

Figure 4. Boxplots of early afternoon O3 (a), ΩHCHO (b), ΩNO2 (c), and FNR (d). Slopes and the associated star marks are the same as in Figure 1.

Figure 5. Mean (filled dots) and standard deviation (vertical lines) of early afternoon surface O3 (a), tropospheric HCHO column (b), NO2 column (c), and FNR (d) 
change with US Drought Monitor levels in California and the southeastern US. Note the two regions have different y-axis. Detailed data for this figure is shown in Table 
S2 in Supporting Information S1.
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et al. (2021) also reported an enhanced ΩHCHO under drought, with a comparable percentage of 10% over the 
southeastern US. By contrast, both ΩHCHO and ΩNO2 in California increase only under low drought levels 
(e.g., D0–D1) and then decrease under stronger drought categories (e.g., D2–D3) with no statistically significant 
change rates with USDM.

Because ΩHCHO has higher between-region differences than NO2, FNR is dominated by ΩHCHO, with a higher 
mean value in the Southeast (∼6) than that in California (∼2) (Figure 4d). Furthermore, FNR in the southeast 
also increases at a rate of 0.12 per USDM due to a faster increasing rate of ΩHCHO than ΩNO2, which indicates 
O3 becomes more NOx-limited with drought severity in this region. However, there is no statistically significant 
rate of change for FNR in California, implying an inconsistent change of O3 regime with drought severity therein.

3.3. Regional Difference of O3 Chemistry

Using satellite-based FNR as the indicator, we showed in the previous section the regional difference of O3 
chemistry under drought conditions. Here we further quantify the chemistry difference by applying the LaRC 
zero-dimensional model. We selected three surface sites from California and the southeast, respectively, and each 
site has at least 10-year data records of VOCs and NOx observations to ensure at least one weekly observation 
is available at each USDM level. The site locations are shown in Figure 6a, and more information is provided in 
Table S1 in Supporting Information S1. The hourly measurements at the three sites were averaged to form “one 
site” in each region to better represent the regional-mean conditions.

We ran the LaRC zero-dimensional model at each hour and analyzed the averaged results across the daytime 
hours (9:00–17:00) when photochemistry is most active. As VOCs and NOx are the most important constraints 
of the model, we first compared the daytime-mean isoprene, NO2, and NO at each USDM level in Figures 6b–6d 
and Table S2 in Supporting Information S1. Isoprene in California generally increases from ND to D1 or D2 and 
then drops with increasing drought severity. This nonlinear pattern is consistent with both the satellite HCHO in 
Figure 4b and the previously reported response of isoprene to drought stress (Demetillo et al., 2019; Potosnak 
et al., 2014; Wang et al., 2017). The largest decrease of isoprene from ND is ∼37% at D4. In Georgia, isoprene 
increases from ND to D1, then drops from D1 to D3, and increases again from D3 to D4. The increase at D4 is 
about ∼41% relative to ND. The detailed time series of the JJA weekly mean isoprene is shown in Figure S4 in 
Supporting Information S1. In Georgia, D4 only occurred in 2007 at the three sites, while D3 happened in both 
2007 and 2012. Drought in 2012 was more widespread and extended for a longer time than that in 2007 (Rip-
pey, 2015). The different behavior of isoprene indicates the complexity of the isoprene response to drought, which 
depends both on the severity and duration of the drought events. If we define severe drought as when USDM 
levels are continuously under D2-D4, severe droughts have different features between the southeast and west 
(Figure S5 in Supporting Information S1); they last longer in the west but occur with a much larger frequency in 
the south/southeast. Once the western US is stricken by severe droughts, it takes a longer time to recover. That 
may explain the opposite responses of isoprene to severe drought between California and Georgia.

Similar to ΩNO2, surface NO2 shows no clear pattern with drought in California and a slightly increasing pattern 
in Georgia. NO remains stable at ∼1 ppb in both regions across all USDM levels, except for a high value of ∼2 
ppb at D0 in California. The weekly time series of NO in Figure S6 in Supporting Information S1 show that this 
abnormal value is mainly caused by the high concentrations at the Clovis and Shafter sites in summer 2018, 
when the large Ferguson wildfire happened nearby (Mueller et al., 2020). The higher frequency of wildfires in 
California also makes NO much more variable than that in Georgia. NO2 does not show high values under D0, 
possibly because of the high NO:NO2 ratio in fresh smoke plumes (Juncosa Calahorrano et al., 2021; Selimovic 
et al., 2018). Furthermore, NOx has large anthropogenic sources and decreased significantly during our study 
period, especially at the suburban and urban sites (Figure S6 in Supporting Information S1). This decreasing 
trend could confound the NOx changes with USDM, considering drought is not evenly distributed by time. To 
test whether the NOx trends significantly affect PO3 calculated by the zero-dimensional model, we conducted a 
sensitivity test by fixing NO concentrations at ND for the entire simulation, referred to as fix_NO runs, and the 
results are shown below and related discussions.

VOCR is used to measure the reactivity of VOCs with OH in the atmosphere. The oxidation of VOCs fuels the 
O3 formation by providing peroxy radicals (HO2 + RO2), which subsequently react with NO and form NO2 (cf. 
Figure 7b). VOCR is derived by the sum of the product of the rate constant for the reaction of each model input 
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VOC with OH multiplied by its concentration. Figure 7a compares the modeled mean of VOCR in the daytime 
hours. Isoprene and HCHO have the dominant contributions to VOCR in both regions, and they largely control 
the VOCR changes with USDM. The correlation coefficients (R) of VOCR with isoprene are 0.97 and 0.99 in 
California and Georgia, respectively. Thus, the VOCR changes with drought follow the same pattern of isoprene, 
with a decrease by up to ∼33% in California and an increase by ∼36% in Georgia under D4.

Figure 6. (a) Map of the grids for California (blue) and the southeast US (red) with N indicating the number of grids in each region. Yellow dots show the locations 
of the six sites selected for running the zero-dimensional model in each region with their Air Quality System ID numbers marked below (b)–(d) Mean (filled dots) and 
standard deviation (vertical lines) of isoprene (b), NO2 (c), and NO (d) at each US Drought Monitor level calculated from the three sites in California and Georgia, 
respectively. Detailed data for this figure is shown in Table S1-2 in Supporting Information S1.
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Figures 7b and 7c illustrate the changes of FO3 and DO3 with USDM in the two regions, respectively. Here FO3 is 
the sum of the rates of all reactions that convert NO to NO2 without consuming O3. Reactions of peroxy radicals 
with NO have the highest contributions to FO3. Thus, FO3 changes with drought are mainly driven by VOCR 
with a high R value of 0.82 in California and 0.92 in Georgia. ΔFO3 under D0–D4 ranges from −7.4–2.7 ppb/hr 
(−21%–7.8%), and 7.3–21.5 ppb/hr (11.8%–34.7%) in California and Georgia, respectively. DO3 is the sum of 
all reactions that remove Ox and is mainly driven by NO2 reaction with OH and O (1D) reaction with water vapor 
after O3 photolysis. The highest ΔDO3 is ∼1.53 ppb/hr under D0 in California, nearly offsetting half of ΔFO3. 
Overall ΔDO3 has small values compared with ΔFO3, thus contributing little to the changes of PO3.

Based on the understanding of the FO3 and DO3 changes with drought, we further compared the daytime-mean 
PO3 by USDM levels. To better illustrate the between-region difference of the O3 chemistry regime, Figure 8a 
shows PO3 changes as a function of NO alone with VOCs held constant at each USDM level (ND-D4). NO is 
diurnally constant but changes from 0 to 10 ppb with an increment of 0.05 ppb, which is similar to the method 

Figure 7. The daytime mean of the total VOC reactivity (a), FO3 (b), and DO3 (c) color-coded by their pathways by US Drought Monitor in two regions. The numbers 
at the top of each bar show the total values.
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used by Schroeder et al., (2017). The filled dots indicate the PO3 values corresponding to the daytime-mean NO 
values at each USDM level. Although both regions are under a NOx-limited regime, California is closer to the 
regime turning point than Georgia, indicating that O3 in Georgia is more sensitive to NOx than that in California, 
which is consistent with the FNR. As isoprene decreases with drought in California, the O3 regime shifts to less 
NOx-limited or even VOC-limited, leading to a decrease of PO3 with increasing drought severity. In Georgia, the 
O3 regime becomes more NOx-limited as isoprene increases with drought severity. This is indicated by the higher 
slopes (ΔPO3/ΔNO) of the lines before the regime-turning point as drought severity increases. For example, 
ΔPO3/ΔNO increased by ∼13.41/hr (37%) under D4 relative to ND, whereas the increase is only 8.12/hr (22%) 
under D1. PO3 generally follows the increasing pattern of FO3 in Georgia.

While both regions are in the NOx-limited regime under non-drought and drought conditions, the much larger 
relative change of isoprene than NO is the key factor to explain the PO3 changes from non-drought to drought. 
To better explain this, we compared the relative changes of PO3 from ND to D4 due to the respective changes of 
isoprene and NO separately and in combination. The results are shown in Figure 8b. The PO3-NO curve calcu-
lated using ND and D4 isoprene concentrations is light blue and dark red, respectively. In Georgia, the maximum 

Figure 8. (a) Daytime (9:00–17:00) mean of PO3 versus NO at the lines of constant VOC reactivity of each US Drought Monitor (USDM) level. NO is diurnally 
constant but varies from 0 to 10 ppb with an increment of 0.05 ppb. Points highlight the PO3 values of the USDM-averaged NO observations in each region. (b) 
Comparison of the PO3 changes from non-drought (ND) under respective changes of NO and/or isoprene at D4 in California and Georgia. The percentage change of 
NO is derived from the satellite column data as shown in Figures 4 and 5. The insets (gray background) show the zoom-in views of the main figures covered by the two 
black boxes. The numbers in the insets indicate the PO3 values of each point.
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increase of NO from non-drought to D4 drought is 10%, derived by satellite NO2 columns (Figure 4c), while the 
corresponding increase of isoprene is 41%, derived by surface sites. Non-drought PO3 is 52.5 ppb/hr (filled blue 
circle); D4 PO3 is 71.5 ppb/hr (filled red diamond). Note both points are on the left side of the curve before the 
turning point, meaning PO3 is in the NOx-limited regime. From ND to D4, the 10% increase of NO alone causes 
PO3 to increase by ∼3.5 ppb/hr (7%) to 59.1 ppb/hr (filled blue triangle), the 41% increase of isoprene leads to 
an increase of PO3 by ∼13.8 ppb/hr (26%) to 66.4 ppb/hr (filled red triangle), and the increase of both NO and 
isoprene results in an increase of PO3 by ∼18.9 ppb/hr (36%) to 71.5 ppb/hr (filled red diamond). This breakdown 
demonstrates that the change of isoprene from ND to D4 contributes 72% of the PO3 increase while that of NO 
is only 19%. Similarly, the 4% decrease of NO in California (Figure 4c) results in a decrease of PO3 by ∼0.3 ppb/
hr (1%), while the 37% decrease of isoprene causes a reduction of PO3 by ∼7.5 ppb/hr (34%). The decrease of 
both NO and isoprene leads to a comparable change of PO3 by ∼7.5 ppb/hr. This indicates that the reduction of 
isoprene can explain almost all the changes of PO3 in California because the O3 regime has shifted to the turning 
point and becomes insensitive to NO. In summary, the much larger relative changes of isoprene than NO is the 
key driver of the PO3 changes during drought in both regions.

Figure 9 compares the changes of Ox and PO3 with USDM levels and their means and standard deviations are 
listed in Table S2 in Supporting Information S1. The net O3 production rates from the fix_NO runs are also pre-
sented, denoted as PO3

’. Because ND is much more frequent than D0–D4, the fix_NO runs can better represent 
the average level of NO during the study period. The differences between PO3 and PO3

’ range from ∼1% (D1) to 
∼12% (D0) in California and from ∼7% (D4) to ∼11% (D1) in Georgia with a respective average value of ∼3% 
and ∼8%. The higher difference in Georgia can be explained by its more NOx-limited regime as illustrated above. 
Despite the mean offset between PO3 and PO3

’, their variations with USDM levels are similar in both California 
and Georgia, which indicates the NOx trend does not significantly affect the results. This similar pattern between 
PO3 and PO3

’ also consolidates that the considerable change of isoprene and VOCR are the main factors causing 
the changes of PO3, although the NOx-limited regime is dominant in both regions. Compared to ND in the respec-
tive region, ΔPO3 under D4 is 23.7% lower in California but 33.4% higher in Georgia. This difference in the PO3 
response to drought explains the different responses of O3 to drought between the two regions.

Figure 9 also shows that the relative change of PO3 with USDM does not explain all of the relative changes of Ox 
in both regions. For example, in California, PO3 decreases 10.5% from D3 to D4, but Ox decreases only 4.4%. In 
Georgia, the increase in Ox from ND to D4 is 46.7%, compared to 33.4% of PO3. The discrepancies are expected 
because processes other than chemistry also contribute to the increase of O3 under drought. A possible non-chem-
ical process facilitating O3 enhancement under drought is the reduction of O3 dry deposition. Modeling studies 
demonstrated that stomatal closure caused by water stress is the major pathway to reduce O3 dry deposition rates 
and consequently O3 concentrations increase during drought (Huang et al., 2016; Kavassalis & Murphy, 2017; 
Lin et al., 2019). Clifton et al. (2017) and Lin et al. (2019) found a nearly 50% change of dry deposition in summer 
between drought and non-drought years using observations over the US and Europe. However, the measurements 

Figure 9. NO observations constrained model results of Ox (black solid line), PO3 (red solid line), and PO3
’ (red dashed line) changes with US Drought Monitor during 

daytime hours.
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of dry deposition are scarce and mostly short-term in the CONUS, which limits long-term and between-region 
analysis.

In conclusion, the different responses of isoprene to drought cause the opposite changes of VOCR and PO3 
between the west and southeast, and consequently explains the east-west spatial contrast of O3 changes under 
drought. The different isoprene responses might be attributable to the between-region differences of drought 
events: longer durations of severe droughts in the west than those in the east.

4. Conclusions
We demonstrated the spatial distributions of O3 responses to drought over the CONUS using gridded O3 ob-
servations and weekly USDM as drought severity indicator, and found a clear east-west disparity: high O3 en-
hancement in the southeast and little change or even decrease in the west. The further between-region analysis 
shows that the southeast has a statistically significant rate of increase in MDA8 O3, ΩHCHO, ΩNO2 and FNR 
with USDM levels, with the corresponding rate of 2.24 ppb/USDM, 0.41 × 1015 molec/cm2/USDM, 0.03 × 1015 
molec/cm2/USDM and 0.12/USDM. These variables do not show a statistically significant changing rate with 
USDM in California. Diurnal ΔO3 also shows opposite patterns between the southeast and California.

The zero-dimensional model results revealed the O3 chemistry differences caused by the opposite responses of 
isoprene to drought between the southeast and west. The daytime decrease of O3 under drought in California is 
attributable to the up to ∼23.7% reduction of the O3 production rate (PO3) due to a ∼37% decrease of isoprene 
emissions. On the contrary, isoprene increased by ∼41% at D4 in Georgia, causing a consequent increase of 
PO3 by ∼33.4% which accounts for more than half of the O3 increase under drought. We further showed that 
the changes of isoprene under drought resulted in changes in the sensitivity of the O3 chemistry to NOx. In the 
southeastern region, the increase of isoprene makes O3 more sensitive to NOx. Thus, to achieve the same O3 air 
quality under drought in this region would require a more stringent control of anthropogenic NOx emissions and 
a better characterization of natural soil NOx emissions changes. In California, the reduced isoprene makes O3 less 
sensitive to NOx. Under this scenario, O3 formation could even become VOC-limited under D4 (Figure 8a), which 
could partly offset or reverse the benefits of the NOx emission control under severe drought conditions.

The opposite drought-isoprene changes between California and the southeast US are likely due to the different 
responses of plants to water stress partly controlled by the duration of the drought period. During short-term or 
mild droughts, isoprene emissions are not immediately impacted because of the availability of stored carbon 
and because photosynthetic electron transport is not inhibited. Isoprene can even increase by several factors due 
to warm leaf temperatures which increases isoprene synthase activity (Guenther et al., 2017). This explains the 
general trend of isoprene increasing with drought in the southeast US. During longer severe water stress, isoprene 
emission eventually declines because of inadequate carbon availability caused by reduced photosynthesis (Po-
tosnak et al., 2014). The absence of isoprene increase with drought in California indicates plants are in this stage 
even during a mild drought. As the summer season in California typically receives little rainfall (Mediterranean 
climate), it is likely plants in California are under chronic water stress in summer under non-drought conditions. 
A mild drought could quickly trigger severe water stress to terrestrial plants and as a result, isoprene emissions are 
immediately impacted by drought-triggered inhibition of photosynthetic electron transport or lack of stored car-
bon. While BVOC emission models such as MEGAN predict reduced isoprene emissions under severe drought, 
they do not capture the spatial differences (Emmerson et al., 2019; Jiang et al., 2018) and underestimated isoprene 
concentrations during mild or moderate drought (Potosnak et al., 2014; Seco et al., 2015). Our results suggest that 
drought duration, in addition to drought severity, should also be included in the model algorithm development.

Although PO3 changes could explain more than half of O3 changes during drought, O3 chemistry alone is not 
enough to fully account for the relative changes of O3 due to the contributions from other non-chemical process-
es such as dry deposition. Dry deposition is a possible non-chemical process to explain the O3 changes during 
drought. The scarcity of dry deposition observations in the CONUS makes it a challenge to conduct a long-term 
between-region comparison of dry deposition-O3 relationships. There are ongoing modeling developments in 
O3 dry deposition parameterization that is coupled with vegetation and land models to consider dynamic terres-
trial-atmosphere interactions (Anav et al., 2018; Clifton et al., 2020; Gong et al., 2020; Lin et al., 2019; Wong 
et al., 2019), which will make it possible to simulate the dry deposition changes under drought. As drought is 
predicted to become more frequent in the future (Cook et al., 2018; Coumou & Rahmstorf, 2012), it will require 
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more long-term observations of isoprene emissions and O3 dry deposition rates during different drought phases 
to improve our understanding and predictive ability of the process-driven drought-O3 coupling.

Data Availability Statement
The data used for this study are available online (at https://doi.org/10.7910/DVN/CKX4RP).
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