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Abstract: While there is ample observational evidence for ozone uptake by Sahara dust, whether Asian dust
exerts a similar eﬀect on ozone has not been well-established in the literature due in part to limited observations.
In this study we investigate the impacts of Asian dust on surface ozone (O3) over northern China on a daily scale
using observations from recently established air quality monitoring network during spring (March, April, May;
MAM) 2015–2017, the peak season of Asian dust outbreaks. Dust days and non-dust days are selected based on
the distribution of the coarse-mode particulate matter mass concentrations (PMcoarse) and then paired based on
similar temperature (T) and relative humidity (RH) so as to minimize the eﬀect of diﬀerent local meteorological
conditions on ozone. The majority of the dust days shows lower O3 compared to non-dust days both temporally
and spatially. The regional average of seasonal-mean O3 diﬀerences between dust days and their reference nonday days are −10.1 ppbv (−24.6%), −2.4 ppbv (−4.8%) and −5.4 ppbv (−14.3%) over the Taklimakan
Desert (TD), the Gobi Desert (GD) and North China (NC), respectively. The decrease of ozone tends to increase
with increasing PMcoarse, although the use of PMcoarse to indicate dust is subject to uncertainty. Nitrogen dioxide
(NO2), sulfate dioxide (SO2), and carbon monoxide (CO) appear to be higher during dust days outside dust
source regions, possibly because of the compounding eﬀects of large anthropogenic emissions over this region. In
spite of higher or similar levels of primary pollutants, surface ozone concentrations are still lower during dust
days over TD, GD and NC, supporting the mechanism of dust direct uptake of O3.

1. Introduction

Under such high dust levels, the interactions of mineral dust with gases
and other aerosol particulates in the atmosphere are expected to be
complex and need to be understood.
One important aspect of mineral dust on atmospheric chemistry is
uptake of gaseous species. For example, low ozone (O3) mixing ratios
have been measured concurrently with dust events. Bonasoni et al.
(2004) reported that ozone mixing ratios were 4%–21% lower than the
monthly mean background values during Saharan dust events in the
Mediterranean region. Andrey et al. (2014) found systematically lower
ozone mixing ratios during Saharan air layer days (SAL) than those
during clean conditions, and the diﬀerence reached up to −35% based
on 157 ozonesonde proﬁles launched from the Canary Islands over 13
summers. Jenkins et al. (2012) found a 20–30 ppbv decrease of ozone in
some cases between SAL and non-SAL conditions in the Eastern Atlantic
during the summer of 2010. Soler et al. (2016) recorded an average
ozone reduction of 5.5% during Saharan events at a mountain station
located near the eastern coast of the Iberian Peninsula from May to
September 2012.
Three pathways have been proposed to explain the observed O3

Mineral dust is the largest contributor of aerosols in the atmosphere.
It is estimated that about 500–6000 Tg of dust aerosols are mobilized
globally from arid or semiarid regions annually by strong winds and
entrained into the atmosphere (Ginoux et al., 2001; Zender et al.,
2003). The largest contributions to global dust loading are from the
North African (50–70%) and Asian deserts (10–25%) (Tegen and
Schepanski, 2009). Major dust sources in East Asia are the Taklimakan
Desert in northwestern China, and the Gobi Desert over northern China
and Mongolia. Dust storms over East Asia occur primarily in springtime,
and suspended dust aerosols in the atmosphere can be transported long
distances to the northern Paciﬁc and even globally (Uno et al., 2009),
aﬀecting air quality (Yang et al., 2017), hydrological cycle (Rosenfeld
et al., 2001; Shao et al., 2011), and regional climate (Huang et al.,
2015). For example, a dust storm aﬀected the Beijing metropolitan area
on 15 April 2015 with surface hourly PM10 (particulate matter smaller
than 10 μm in diameter) reaching more than 1000 μg/m3 (http://www.
chinadaily.com.cn/beijing/2015-04/16/content_20450286.htm).
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from the Taklimakan Desert (TD) in the west and the Gobi Desert (GD)
in the central, to North China (NC) in the east. The rest of the paper is
organized as follows. Section 2 describes the data source and study
domain. Here daily observations of surface particulate matters (PM),
ozone, and meteorological conditions during March, April, and May
(MAM) are used to analyze the covariance between dust and ozone
from 2015 to 2017, with a focus on 2015. Section 3 summarizes daily
variations of springtime PM and O3 in three representative regions over
northern China. Due to the lack of dust observations, coarse particulate
matter mass concentration (PMcoarse) is chosen as an indicator of dust
and we verify this indicator with reported dust episodes. Section 4
demonstrates the signiﬁcant meteorological eﬀects on day-to-day O3
variability. Section 5 investigates the diﬀerences of O3 between dust
and non-dust days, after the inﬂuences of meteorological factors are
taken into consideration. In section 6, we discuss comparisons to previous ﬁeld studies, mechanisms and limitations. Section 7 gives ﬁnal
conclusions.

reductions during dust events: (1) a decrease in net production rate of
ozone due to the eﬀect of dust on the transmissivity of solar radiation in
the atmosphere; (2) the direct uptake of O3 by dust; and (3) dust uptake
of ozone precursors (e.g. nitrogen oxides). The latter two pathways
involve heterogeneous reactions on dust. The uptake of O3 on clean
dust surface was found to be catalytic, and under dry conditions, the
reactive sites were thought to be Lewis acid sites (Usher et al., 2003).
Nitrogen oxides, as precursors of O3, have a strong tendency to react
with alkaline dust aerosols, forming water-soluble aerosols like calcium
nitrate (Usher et al., 2003). Because of complex mechanisms and
scarcity of direct ﬁeld measurements, rates of ozone reduction as a
function of dust loading have been primarily inferred from laboratory
measurements (Crowley et al., 2010; Goodman et al., 2001; Hanisch
and Crowley, 2003; Johnson et al., 2005; Michel et al., 2002;
Underwood et al., 2001; Usher et al., 2002).
Based on laboratory information, modeling studies have assessed
the impacts of dust on O3, using laboratory-derived “best guess” of
uptake coeﬃcients of ozone and precursor gases on dust. The majority
of published modeling studies, as listed below, suggest that light scattering by dust particles leads to a decrease of direct radiation but an
increase of diﬀusive radiation in the lower atmosphere, and the combined radiative eﬀect by dust is small for photolysis rate calculation.
Therefore, heterogeneous reactions likely play the dominant role in the
overall eﬀects of dust on O3. Reus et al. (2000) estimated a heterogeneous O3 loss of 4 ppbv per day (half from nitrogen oxides uptake and
the other half from O3 uptake) near Tenerife, Canary Islands, in July
1997, compared to an estimated O3 loss of 0.2 ppbv per day from low
photolysis rate. Liao et al. (2003) included aerosols in their photolysis
calculation and found the eﬀect to be less than 0.2 ppbv reduction of
monthly mean O3. Bian and Zender (2003) showed that O3 globally
increased about 0.2% in the annual mean due to the impact of mineral
dust on photolysis rates. Tang et al. (2004) simulated an O3 decrease of
about 20 ppbv as a result of heterogeneous reactions on dust in Asian
dust outﬂow, compared to less than 1 ppbv decrease due to dust radiative inﬂuence. Bauer et al. (2004) suggested a decrease in global
tropospheric ozone mass by about 5.4% due to heterogeneous reactions
on dust, including 4.9% from nitrogen oxides uptakes and only 0.5%
from O3 uptake. Pozzoli et al. (2008) showed that heterogeneous reactions on dust would reduce ozone surface concentrations by 18–23%
over the Asian outﬂow region and the global annual mean O3 burden by
7%. Wang et al. (2012) estimated O3 reductions of up to 3.8 ppb (∼9%)
by heterogeneous reactions on dust during the April 2001 dust storm
episode over the trans-Paciﬁc domain. These model simulations with
heterogeneous reactions tend to have a better agreement with ﬁeld
observations.
Most of the ﬁeld evidence in support of the modeling calculations
was based on African dust events, although laboratory studies suggest
both Asian and African dust uptake ozone and other gases. There were
fewer direct ﬁeld observations of Asian dust, and previous analysis of
them had contradictory conclusions. Tang et al. (2004) showed lower
O3 mixing ratio during one Asian dust outﬂow episode during an aircraft campaign over the Yellow Sea in spring 2001. Fairlie et al. (2010)
did not detect O3 depletion in Asian dust plumes encountered during
another aircraft campaign during spring 2006 over the northeast Paciﬁc. The contradiction might be due to the fact that these aircraft
campaigns were snap-shots of atmospheric composition a few hundred
to thousand kilometers downwind of Asia, where suspended dust particle concentrations were much less than those near dust sources. Meteorological conditions can signiﬁcantly aﬀect ozone daily variability
and may even dominate the dust eﬀect. Furthermore, the properties of
Asian dust particles may have been signiﬁcantly inﬂuenced by anthropogenic air pollutants during their transport across polluted eastern
China.
To assess the eﬀects of Asian dust on ozone, we examine the dustozone relationship within or close to the source regions, using daily
surface air quality observations in China along the dust transport route

2. Data and study domains
2.1. Surface air quality and meteorological observations
Hourly concentrations of PM2.5 (particulate matter less than 2.5 μm
in diameter), PM10, O3, nitrogen dioxide (NO2), sulfate dioxide (SO2)
and carbon monoxide (CO) at 1497 surface sites in China were obtained
from the China Ministry of Ecology and Environment (MEE). This dataset was made available to the public in 2013, and here we focus on
the springtime (March, April, May; MAM) from 2015 to 2017. PMcoarse
was calculated by subtracting PM2.5 from PM10. The original unit of
these MEE observations is μg/m3. For O3, NO2, SO2, and CO, we converted them to mixing ratios (units: ppmv for CO and ppbv for the rest)
using a constant temperature of 298 K and atmospheric pressure of
1013.25 hPa. The site-level data were averaged into horizontal grids of
0.25° × 0.25° resolution to reduce sampling diﬀerences between nearby
sites and to match with the resolution of meteorological reanalysis data.
Daily gridded observations were derived using the hourly gridded data.
For simplicity, the observational analysis of the 2015 springtime data is
presented below. Similar analyses of the 2016 and 2017 spring data are
shown in the supplementary material.
To analyze the inﬂuence of meteorology on surface O3 variability,
we obtained 2 m temperature (T), 2 m dew point temperature, 10 m
zonal (U) and meridional (V) wind component, mean sea-level pressure,
surface net solar radiation, boundary layer height, and total precipitation from the European Centre for Medium-Range Weather Forecasts
(ECMWF) Reanalysis Interim (ERA-Interim) at a horizontal resolution
of 0.25° × 0.25°. The 2 m relative humidity (RH) is then derived from
the 2 m dew point. The 10 m wind speed is calculated as the square root
of total squares of U and V.
2.2. Study domains
Fig. 1 presents China's land use and land cover categories in 2010
(Zhang et al., 2014) and the distribution of MAM-mean surface PM2.5
and PM10 in 2015. There are two major dust source regions in northwestern China (Fig. 1a): the Taklimakan Desert (TD; 75°–87.5° E,
36°–43° N) and the Gobi Desert (GD; 95°–110° E, 35°-41°N). As the
prevailing transport routes of dust from TD and GD are eastwards in
springtime, the populous, and economically important region of North
China (NC, 110°–120° E, 35°–41° N) is chosen as the major downwind
and receptor region of dust storms from TD and GD (Sun et al., 2001).
In spring, the high PM10 concentrations in northern China were
found to be associated with the occurrence of dust events (Feng et al.,
2011). Indeed, surface PM10 concentrations (Fig. 1b) show a clear westto-east gradient, decreasing from the seasonal average of more than
300 μg/m3 over TD to 100–125 μg/m3 over GD and NC, consistent with
the west-to-east transport pathway of dust. By comparison, PM10 in
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Fig. 1. Map of the 2010 land use/cover of China (Zhang et al., 2014) (a). Seasonal-mean daily concentrations of 0.25° × 0.25° gridded MEE surface PM10 (b), PM2.5
(c), and PMcoarse (d) over China during spring 2015. The Taklimakan Desert (TD, 75°–87.5° E, 36°–43° N), the Gobi Desert (GD, 95°–110° E, 35°–41° N) and North
China (NC, 110°–120° E, 35°–41° N) are shown in black rectangles from west to east over northern China. Red stars in Fig. 1a are three representative cities: Kashgar
in TD, Bayannur in GD and Beijing in NC. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

from ﬁeld observations suggests that secondary aerosols formed from
precursor gases are the dominant component of surface PM2.5 in China
(Guo et al., 2014; Wang et al., 2015, 2016). Therefore, PMcoarse is expected to consist of coarse-mode dust, including both mineral dust and
fugitive dust, with minimal inﬂuences of anthropogenic aerosols. As
ﬁne-mode dust will not be represented in PMcoarse, this indicator underestimates dust mass concentrations. However, as we expect ﬁnemode dust to co-occur with coarse-mode dust during major dust episodes, PMcoarse would be a good indicator of the timing of dust events.
Fig. 1d represents MAM-mean PMcoarse at the surface. Similar to PM2.5
and PM10, there is a west-to-east gradient in PMcoarse, with its concentration decreasing from more than 150 μg/m3 over TD to about
50 μg/m3 over GD and NC. There are clear boundaries of PMcoarse between the three deﬁned regions (i.e. TD, GD, and NC) and the other
regions. Using PMcoarse instead of PM10 or PM2.5, these regions along
the dust transport route (TD, GD and NC) are more distinguishable from
other regions.
To illustrate the approach of using daily variability of PMcoarse to
detect dust outbreaks, we show in Fig. 2 time series of daily surface
concentrations of O3, PM10, PM2.5 and PMcoarse during MAM 2015 at
three representative cities, one from each region: Kashgar in TD (a),
Bayannur in GD (b) and Beijing in NC (c). Fig. 2 also labels the days of
known, large, dust outbreaks (D1-D10) from public news and published
ﬁeld studies (Lv et al., 2015; Wang et al., 2017). Over Kashgar in TD,

other regions is lower than TD, GD and NC, indicating mineral dust is a
major component of PM10 over these regions. PM2.5 shows a similar
west-to-east but smaller gradient, decreasing from about 100 μg/m3
over TD to about 50 μg/m3 over NC (Fig. 1c). In addition to mineral
dust, anthropogenic aerosols are major components of PM2.5 over NC
(Wang et al., 2015; Zhang et al., 2015). NO2, SO2 and CO are emitted
mainly from anthropogenic activities over China (Zhang et al., 2009).
Regional-mean concentrations of NO2, SO2 and CO over both TD and
GD are much lower (−17.1∼-44.4%) than those over NC (Table S1),
indicating that anthropogenic emissions over TD and GD are much less
than those over NC.
3. Daily variations of springtime surface PM and O3 in three
representative cities
To examine the dust eﬀects on day-to-day variability of surface
ozone, we ﬁrst examine the relationship between ozone and dust by
analyzing the time series of MEE observations. Here we use PMcoarse as
an indicator of dust inﬂuences because we do not have observations of
mineral dust with good temporal and spatial coverage in China. All the
MEE stations provide parallel PM10 and PM2.5 measurements. Dust
aerosols have a size range and may be present in both PM2.5 and PM10
(Kok, 2011). By contrast, anthropogenic aerosols (except fugitive dust)
mainly reside in PM2.5 (Donkelaar et al., 2010). Abundant evidence
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Fig. 2. Time series of daily concentrations
of PM10, PM2.5, PMcoarse, and O3 over
Kashgar (a) in TD, Bayannur (b) in GD, and
Beijing (c) in NC during spring 2015. The
black, orange, gray and red lines are for
PMcoarse, PM10, PM2.5, and O3, respectively.
The blue (i.e. D1-D10) and gray rectangles
are shown for dust outbreaks and haze days.
(For interpretation of the references to
colour in this ﬁgure legend, the reader is
referred to the Web version of this article.)

mass concentrations of PM10 are less than 500 μg/m3 outside the dust
outbreak days. PM10 and PMcoarse increased to more than 1000 μg/m3
during D1-D4, reaching up to 3200 μg/m3 and 2856 μg/m3 on 29 April
(Fig. 2a). Over Bayannur in GD, concentrations of PM10 and PM2.5 are
typically less than 100 μg/m3. PM10 and PMcoarse increase to more than
250 μg/m3 during dust episodes D5-D7 (Fig. 2b). Over Beijing in NC, the
mean concentration of PMcoarse during the dust episodes (D8-D10) is
161 μg/m3 was three times the corresponding seasonal mean. For
Beijing, it is more diﬃcult to distinguish the dust events of D8-D10 from
the haze days if based on PM10 alone, such as 5–8 March and 8–11 April
(gray rectangles in Fig. 2c), because both types of events have high PM10.
During those haze days, PM2.5 concentrations are almost as high as PM10,
thus PMcoarse is at low levels, excluding those days as dust episodes. Thus,
PMcoarse is a better indicator of dust outbreaks than PM10, particularly for
regions with substantial anthropogenic sources of PM.
Table 1 summarizes daily PMcoarse and O3 during the reported dust
episodes (D1-D10) at the three cities. PMcoarse is around 1000 μg/m3
during D1-D4 over Kashgar in TD, and around 150 μg/m3 during D5D10 over Bayannur in GD and Beijing in NC. The duration of the dust
outbreaks decreases from 3 to 7 days in TD to 2–5 days in GD and 2–4
days in NC. A clear west-to-east gradient is thus evident in the duration
of the dust outbreaks as well as the corresponding mass concentrations
of PMcoarse. Table 1 also presents the diﬀerence of PMcoarse and O3
during each dust episode relative to their corresponding concentrations
over three reference periods: the whole season (MAM), month, and two

days before each dust episode. These reference periods are chosen because they have been widely used in previous studies (Bauer et al.,
2004; Bonasoni et al., 2004; Reus et al., 2005; Soler et al., 2016; Tang
et al., 2004) to calculate the reference ozone level, against which ozone
changes during dust events were assessed. Compared to the seasonal
mean ozone at each city, average O3 mixing ratios during the dust
episodes are lower by 5.6 and 7.1 ppbv at Kashgar and Beijing, respectively, but remain the same at Bayannur. The majority (80%) of the
dust outbreak days show O3 reductions compared to the seasonal mean.
However, a few dust days experienced higher O3, e.g. by 0.6 ppbv
during D6 (13–16 April) and 4.9 ppbv during D7 (29–30 April) at
Bayannur. Compared to the monthly mean at each city, average O3
mixing ratios during the dust outbreaks are lower by 5.1 and
1.4 ppbv at Kashgar and Beijing, but higher by 2.3 ppbv at Bayannur,
with only 64% of the dust outbreak days showing O3 reductions.
Compared to the two-day mean before the dust breaks, the majority
(80%) of the dust outbreak days also show O3 reductions. Therefore,
although the majority of the dust days show a reduction of ozone relative to three reference periods presented above (i.e., seasonal mean,
monthly mean, and prior two days), the magnitude of mean ozone
changes over the known dust episodes depends on the choice of the
reference period. The mixed variations of ozone during the dust episodes indicate that the inﬂuence of other factors than dust (e.g. meteorology and anthropogenic emissions) is important, which is examined in the next section.

Table 1
Summary of MEE surface daily concentrations of PMcoarse and O3 during reported dust episodes (D1-D10) over three representative cities: Kashgar in TD, Bayannur in
GD and Beijing in NC during spring of 2015. Diﬀerences of O3 are obtained with three reference periods: seasonal mean, monthly mean, and prior two days.
City

Date of dust outbreaks

Duration
(days)

During dust outbreaks

Diﬀerences of O3 (ΔO3) with diﬀerent reference
periods (ppbv)

3

Kashgar in TD

Bayannur in GD

Beijing in NC

D1.0310-0316
D2.0403-0408
D3.0429-0501
D4.0510-0512
D5.0327-0331
D6.0413-0416
D7.0429-0430
D8.0319-0320
D9.0328-0330
D10.0415–0418

7
6
3
3
5
4
2
2
3
4

PMcoarse (μg/m )

O3 (ppbv)

Mean

Standard Deviation
(days > 2)

Mean

Standard Deviation
(days > 2)

Seasonal mean

Monthly mean

Prior two days

854.5
753.5
1447.4
1565.5
188.3
130.8
106.6
141.7
208.5
134.9

423.4
345.8
1041.2
753.6
61.5
37.3
N/A
N/A
13.2
29.0

26.3
30.9
26.4
21.0
38.0
41.0
45.3
22.9
30.3
29.2

4.1
2.0
1.1
4.4
4.4
0.9
N/A
N/A
5.3
7.5

−6.2
−1.7
−6.2
−11.5
−2.4
0.6
4.9
−12.4
−4.9
−6.1

−4.1
−1.4
−5.9
−13.9
1.5
1.5
5.8
−1.5
5.9
−6.7

−10.9
−5.2
−7.0
−3.0
−8.3
2.9
14.0
−3.5
−8.6
−9.5
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4. The inﬂuence of local meteorology on ozone

g(O3) = β0 + s (O3 prior ) + s (day ) + s (year ) + s (dow ) + s (lon, lat )
+ s (T ) + s (RH ) + s (wind speed ) + s (msl ) + s (ssr ) + s (blh)

Besides being inﬂuenced by dust, surface ozone depends on both
emissions and meteorological conditions, the latter being the primary
driver of ozone day-to-day variations (Davis and Speckman, 1999;
Elminir, 2005; Steiner and Finlayson-Pitts, 2010). Meteorological factors (e.g. radiation, T, RH, and winds) can inﬂuence photochemical and
dispersion processes related to ozone formation (Bloomﬁeld et al.,
1996; Camalier et al., 2007; Leibensperger et al., 2008). Among so
many meteorological factors, T and RH are thought to be the key ones
for surface ozone. Camalier et al. (2007) suggested that ozone is generally increasing with increasing temperature and decreasing with increasing RH. Steiner and Finlayson-Pitts (2010) showed a direct linear
relationship between ground level O3 concentrations and surface air
temperature. Pearce et al. (2011) estimated that the most signiﬁcant
meteorological variable for O3 was temperature with increasing temperature being associated with increasing ozone, and the impacts of
other variables (water vapor pressure, UV, mean sea-level pressure,
radiation, boundary layer height and precipitation) were less pronounced. Zhang et al. (2016) found that ozone extreme days were most
sensitive to daily maximum temperature, followed by daily minimum
relative humidity, with the least sensitivity to daily minimum wind
speed.
There are two signiﬁcant aspects of meteorological factors controlling ozone variability in this study, as illustrated by observations at the
three cities presented above (Fig. 2). First, O3 typically has an increasing trend in springtime as a result of increasing temperature and
radiation from early to late spring. For example, O3 increases gradually
from 22.9 ppbv on 1 March to 54.6 ppbv on 31 May in Beijing. Second,
there are large day-to-day O3 variations even during low dust days,
presumably resulting from large day-to-day variability in meteorological conditions in spring, a transition season. For example, excluding those large dust outbreaks (D1-D10), the standard deviation of
daily ozone is typically at 21% (9.9–35.1%) of the monthly mean ozone
at the three cities. Therefore, the important role of meteorological
factors on daily surface O3 variations in springtime needs to be quantiﬁed before one can attribute ozone diﬀerences between dust and nondust days to dust eﬀects.
In order to achieve this objective, we link time series of ozone with
local meteorological observations using generalized additive models
(GAMs). GAMs are regression models where smoothing splines are used
instead of linear coeﬃcients for covariates (Hastie and Tibshirani,
2004). This approach has been found particularly eﬀective at handling
the complex non-linearity between air pollution and meteorology
(Barmpadimos et al., 2012; Carslaw et al., 2007; Dominici et al., 2002;
Pearce et al., 2011; Schlink et al., 2006; Wood et al., 2015; Zhang et al.,
2017). The additive models have the general formula (1).

+ s(tp) + s (PMcoarse ) + ε

(2)

where O3_prior is a one-day lag term (i.e. O3 of the previous day) included to account for short-term temporal persistence, day is a number
between 1 and 92 representing days during MAM, year is the year of
2015–2017, dow is the day of week, lon and lat are the spatial coordinates of each MEE surface monitor location over the study region
(TD, GD and NC), T is daily temperature (unit: °C), RH is daily relative
humidity (unit: %), wind speed is daily wind speed (unit: m/s), msl is
mean sea-level pressure (unit: hPa), ssr is surface net solar radiation
(unit: MJ/m2), blh is boundary layer height (unit: m), tp is total precipitation (unit: mm), and PMcoarse is daily PMcoarse concentration,
which is the indicator of dust event inﬂuence.
The GAM model (2) explains 70.2% of the variance of O3 and
provide partial response functions showing the eﬀect of individual explanatory variables on ozone after accounting for the eﬀects of all the
other variables, i.e. accounting for any inter-correlation that may exist
among the explanatory variables. A variable with p-value (p) < 0.01 is
regarded as being statistically signiﬁcant in explaining the ozone
variability, and the variable with highest F statistics is most important.
The most signiﬁcant meteorological variable for O3 is T (F = 388.0,
p < 0.001). The partial response plot for T (Fig. 3a) identiﬁes a positive non-linear relationship with increasing temperature being associated with increasing ozone. The less important variables are RH
(F = 65.0, p < 0.001) and wind speed (F = 89.9, p < 0.001). Fig. S1
shows that other meteorological factors (i.e. mean sea-level pressure,
surface net solar radiation, boundary layer height and total precipitation) were not signiﬁcantly related to O3 because of their strong correlations with T, RH, and wind speed. Thus, the strongest eﬀects to O3
by meteorology were exerted by T, followed by wind speed and RH.
The GAM model indicates that the eﬀect of PMcoarse (i.e. the indicator of dust inﬂuence) on ozone is less important (F = 23.6,
p < 0.001) than meteorology (T, RH, and wind speed) but still statistically signiﬁcant. The partial response of O3 to PMcoarse is as large as
−20 ppbv during strong dust events. However, there are large uncertainties associated with such response when PMcoarse > 4000 μg/
m3, the partial response ranging from −5 ppbv to −30 ppbv. As strong
winds are often associated with higher levels of dust particles, high
levels of PMcoarse are strongly correlated with high wind speeds (Fig.
S2). Therefore, the eﬀect of wind speeds on ozone is partially accounted
for by dust (or PMcoarse in this study) when comparing ozone between
dust and non-dust days, as done in many previous studies and also in
the next section. Thus, the remaining signiﬁcant meteorological factors
are T and RH, and we control their eﬀects on ozone diﬀerences between
dust and non-dust days in the next section.

n

g(yi ) = β0 +

∑ sj (xij) + εi
j=1

5. Diﬀerences of O3 between dust and non-dust days

(1)

We utilize daily PMcoarse derived from the MEE observations to
identify dust days, and then for each dust day, we look for a small
subset of non-dust days that have similar meteorological conditions as
the dust day as a way to minimize the compounding eﬀects of meteorology. For each grid with available MEE observations, dust days are
deﬁned as those with daily mean PMcoarse exceeding the 90th percentile
of the whole season's daily PMcoarse for that grid, and non-dust days are
those below the 50th percentile. Since the dust and non-dust days are
selected using grid-speciﬁc PMcoarse distributions, our approach thus
considers the likely large across-grid diﬀerences in dust. The second
step is to select a reference non-dust day for each dust day by the similarity in meteorology based on temperature (T) and relative humidity
(RH), which are identiﬁed in the previous section as the most important
meteorological factors aﬀecting ozone variability during the study
period/region. For a given dust day with daily mean surface

where yi is the ith air pollution concentration, g(yi ) is the “link” function, which speciﬁes the relationship between the linear formulation on
the right side of the equation and the expected response yi , β0 is the
overall mean of the response, n is the total number of covariates (e.g.
meteorological factors), sj (x ij ) is the smooth function of ith value of
covariate j, and εi is the ith residual with var(εi ) = σ 2 , which is assumed to be normally distributed. Smooth functions are developed
through a combination of model selection and automatic smoothing
parameter selection using penalized regression splines, which optimize
the ﬁt with the least number of dimensions in the model (Wood et al.,
2015).
In this study, the additive model for ozone can be written as:
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Fig. 3. Partial response plots for O3 to T (a), RH (b), wind speed (c) and PMcoarse (d). The y-axis represents the marginal eﬀects. The dashed lines are estimated 95%
conﬁdence intervals.

days, which all meet the conditions described above; in such cases we
take the average ozone of those non-dust days to represent the non-dust
ozone level. The dust-associated ozone diﬀerence is calculated for each
dust day at each grid, and then aggregated temporally and spatially.
The eﬀect of dust on other species can be calculated in the same way,
and the resulting diﬀerence of a given species is called the dust-associated diﬀerence of that species.
There are 34, 359, and 580 dust days with matching non-dust days
over TD, GD, and NC, respectively, for which the dust-associated ozone
diﬀerences are calculated. The large diﬀerence in the number of dust
days in each region is mainly caused by the large diﬀerence in available
site numbers: the number of grids with available observations is 5, 42,
and 79 grids in TD, GD, and NC, respectively. Fig. 4 displays the relative
frequency distribution of dust-associated O3 diﬀerences for all the dust
days by region. The dust-associated ozone diﬀerence is negative at 88%,
64% and 71% of the dust days for TD, GD, and NC, respectively. The
corresponding magnitude of dust-associated O3 diﬀerences, on average,
is −8.8 ppbv (−22.0%), −2.2 ppbv (−4.5%), and −5.3 ppbv
(−14.4%), respectively. All three regions combined, there are 70% of
the dust days that show ozone reductions relative to their matching
non-dust days. The predominantly negative ozone diﬀerences between
the dust and non-dust days indicate that the main eﬀect of dust on
surface ozone is to decrease its concentration, possibly via the direct
ozone uptake mechanism and/or precursor uptake mechanism presented above.
The calculated dust-associated ozone diﬀerence exhibits a larger
variation when the PMcoarse diﬀerence between dust and non-dust days
is relatively small (e.g. less than 200 μg/m3), as shown in Fig. S3. Such
conditions occur more often in NC where combustion-related sources
play a dominating role in the pollution mix. When the PMcoarse diﬀerence becomes larger than 500 μg/m3, the dust-associated ozone diﬀerence is more negative. For example, there are 74% of individual dust
days showing O3 reductions when PMcoarse diﬀerences are greater than
200 μg/m3, and this proportion increases to 84.5% when PMcoarse differences are greater than 500 μg/m3. This change may be related to two
factors: (1) the accuracy of using PMcoarse as an indicator of dust would
increase when this diﬀerence is large, especially outside of dust source
regions (e.g. NC); and (2) there would be a general tendency of increasing ozone reduction with increasing dust levels. The second factor

Table 2
Deﬁnitions of dust days and non-dust days on each grid using PMcoarse, temperature (T) and relative humidity (RH) during spring 2015. Td and RHd are the
daily mean surface temperature and relative humidity of dust days, and Tnd and
RHnd are the daily mean surface temperature and relative humidity of their
corresponding non-dust days. If a dust day cannot be matched with a reference
non-dust day satisfying such conditions, it is disregarded from further analysis
because we cannot ﬁnd a reference ozone level, against which to evaluate the
dust eﬀect on ozone.
Conditions

Descriptions

Dust days

1) PMcoarse ≥ the 90th percentile of the whole season's daily
concentrations
2) There exist a reference non-dust day as deﬁned below

Non-dust days

①PMcoarse < the 50th percentile of the whole season's daily
concentrations
②Td - 2 °C < Tnd < Td + 2 °C
③RHd - 10% < RHnd < RHd + 10%

temperature (Td) and relative humidity (RHd), its reference non-dust
day(s) will be those non-dust days at the same grid with surface temperature of Td ± 2°C and relative humidity of RHd ± 10 %. The range of
± 2 °C for temperature and ± 10 % for RH are chosen somewhat arbitrarily so that at least 60% of the dust days selected from the ﬁrst step
(i.e. using the PMcoarse criteria) have their corresponding non-dust days
for each grid. On average, T and RH diﬀer by less than ± 1 °C and ± 5 %
respectively between dust days and their reference non-dust days for all
the grids. Table 2 summarizes the deﬁnition of dust days and their reference non-dust days. If a dust day cannot be matched with a reference
non-dust day satisfying such conditions, it is disregarded from further
analysis because a reference ozone level cannot be established, against
which to evaluate the dust eﬀect on ozone for that day. The dust and
non-dust days hereafter all refer to those satisfying the selection conditions in Table 2.
After controlling for meteorology, we assume that the ozone difference between a dust day and its corresponding non-dust day(s) can
be attributed primarily to the eﬀects of dust on ozone. For simplicity,
such ozone diﬀerence is referred to as dust-associated ozone diﬀerence
hereafter. Sometimes a dust day can be matched with multiple non-dust
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Fig. 4. Relative frequency distribution of dust-associated O3 diﬀerences for all dust days over TD (a), GD (b) and NC (c). Blue, black and red bins are results for TD,
GD and NC. Regional mean O3 diﬀerences and percentages of dust days showing negative O3 over these three regions are also shown in the ﬁgure. Solid lines are
regional mean dust-associated O3 diﬀerences of the three regions, and dashed black lines are for zero. The width of bins is ﬁve ppbv. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

has been seen in laboratory studies. Measured O3 uptake coeﬃcients by
mineral dust were found to increase linearly with increasing sample
mass at low levels and reach to an upper limit where a mass-independent plateau region was observed (Michel et al., 2002; Nicolas
et al., 2009).
Fig. 5 shows the spatial distributions of seasonal-mean dust-associated ozone diﬀerences (a) and PMcoarse diﬀerences (b) at each grid
during spring 2015. The regional-mean statistics for the dust-associated
diﬀerences in ozone and other pollutants are summarized in Table 3.
For seasonal mean, the dust-associated ozone diﬀerence is negative at
100%, 83% and 91% of the grids for TD, GD, and NC, respectively
(Table 3). O3 mixing ratios, on average, are lower by 10.1 ppbv
(24.6%), 2.4 ppbv (4.8%), and 5.4 ppbv (14.3%) over the three regions
during dust days compared to their non-dust counterparts with similar
meteorology. Seasonal mean PMcoarse diﬀerences between dust and
non-dust days (Fig. 5b) exhibit a clear west-to-east gradient from
942.3 μg/m3 in TD to 191.1 μg/m3 in GD and 113.9 μg/m3 in NC, indicative of the west-to-east transport pathway of dust.
To investigate the inﬂuence of local anthropogenic emissions on O3
during dust days, we calculated the diﬀerences of NO2, SO2 and CO
using the same method as calculating the ozone diﬀerence between dust
and non-dust days, and the results are shown in Fig. 6. Compared to
non-dust days, average NO2, SO2, and CO mixing ratios during dust
days are almost the same over TD and GD (Table 3), but higher by
6.3 ppbv, 4.5 ppbv and 0.3 ppmv, respectively, over NC (Fig. 6). Over
TD and GD, the little diﬀerence of these primary pollutants between
dust and non-dust days may be due to the fact that their concentrations
are low over these regions and could be interpreted to support the
mechanism of dust direct uptake of O3. Over NC, the higher level of
those species during the dust days is indicative of more polluted conditions, presumably due to reduced dispersion conditions and/or higher
anthropogenic emissions. These conditions make it diﬃcult to estimate
the eﬀect of acid uptake by dust that may occur. For example, a modeling study (Wang et al., 2017) estimated that heterogeneous reactions

Table 3
Regional-mean statistics for the dust-associated diﬀerences of ozone and other
air pollutants over TD, GD and NC during spring 2015.
Regions

TD

GD

NC

grids of O3 reductions
grids of O3 increase
Percent of grids showing O3 reductions (%)
Mean value of O3 diﬀerences (ppbv)
Mean value of O3 diﬀerences (%)
Mean value of PMcoarse diﬀerences (μg/m3)
Mean value of NO2 diﬀerences (ppbv)
Mean value of SO2 diﬀerences (ppbv)
Mean value of CO diﬀerences (ppmv)

5
0
100
−10.1
−24.5
942.3
0.1
0
0.1

35
7
83.3
−2.4
−4.8
191.1
−0.4
−0.3
0

72
7
91.1
−5.4
−14.3
113.9
6.3
4.5
0.3

on dust lead to production of nitrate and sulfate on both coarse (100%
for both species) and ﬁne (17% for nitrate and 11% for sulfate) modes
dust particles during dust events over northern China. To tease out such
eﬀects from ambient measures would require speciation measurements
of PM2.5 and PM10 which we do not have. Since higher air pollutants
conditions would typically be associated higher ozone levels in the
absence of dust inﬂuences, especially considering NO2 is a precursor for
ozone, the fact that surface ozone levels were signiﬁcantly lower during
the dust days over NC also lends support to the mechanism of dust
direct uptake of O3.
To summarize, through quantifying O3 changes between dust and
non-dust days by controlling meteorological factors, we found that the
majority of individual dust days and individual grids over the three
study regions had lower O3 levels during dust days. When the PMcoarse
diﬀerence during individual dust days becomes larger, indicating larger
dust outbreaks, O3 is more likely to be reduced and the magnitude of
the reduction also becomes larger. NO2, SO2 and CO were higher during
dust days outside the dust source regions (e.g. NC), possibly because of
the compounding eﬀects of large anthropogenic emissions over this
region. In spite of similar or higher levels of anthropogenic emissions,

Fig. 5. Spatial distribution of seasonal-mean dust-associated O3 (a) and PMcoarse (b) diﬀerences at each grid over TD, GD and NC during spring of 2015. Rectangles
outline TD, GD and NC.
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Fig. 6. Grid-mean dust-associated diﬀerences of surface daily O3 (a), SO2 (b), NO2 (c), and CO (d) concentrations along longitude over TD, GD, and NC during spring
2015. Red and blue spots outline grids, in which the dust-associated O3 diﬀerences are more than and less than zero, respectively. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

ozone relationship of Asian dust using seasonal-long daily air quality
observations at more than 100 surface grids in China along the dust
transport route from the source region TD in the west and GD in the
central, to the receptor region NC in the east. We focus on the ozone
response within and close to the dust source regions and have a better
spatial and temporal coverage of observations than previous ﬁeld studies.
To compare ozone changes between diﬀerent dust episodes, we ﬁrst
compare dust levels between the diﬀerent ﬁeld studies. In the present
study, seasonal mean PMcoarse diﬀerences between dust and non-dust
days (Fig. 5b) are 942.3 μg/m3 in TD (major source region), 191.1 μg/
m3 in GD (secondary source region), and 113.9 μg/m3 in NC (nonsource region). PM10 concentrations during Saharan dust episodes in
the Po valley were around 50 μg/m3 with peaks reaching about 150 μg/
m3 (Bonasoni et al., 2004). This is similar to PM10 observed at the
Bayannur site in GD (Fig. 2b). Reus et al. (2005) showed a similar record of PM10 mass concentrations, which increased from 13 μg/m3 to
190 μg/m3 during dust events on a mountain ridge on the island of
Tenerife (28°18′N, 16°29′E). Tang et al. (2004) detected a higher level
of hourly coarse dust concentrations reaching 500–2500 μg/m3 at
2–6 km above sea level (ASL) over the Yellow Sea, which is qualitatively similar to the PMcoarse diﬀerences over the TD at the surface.
The regional-mean dust-associated O3 reductions in the present
study are −10.1 ppbv (−24.6%), −2.4 ppbv (−4.8%), and −5.4 ppbv
(−14.3%) over TD, GD and NC respectively, which are qualitatively
similar to the ozone eﬀects attributed to Saharan dust in previous ﬁeld
studies. Bonasoni et al. (2004) measured that ozone mixing ratios
during Saharan dust events were 4%–21% lower than the monthly
mean background values in Mt. Cimone, and 2.7% to 12.8% lower than
the seasonal mean in the Po valley. Reus et al. (2005) found 17–22 ppbv
of O3 reductions during dust events on a mountain ridge on the island of
Tenerife. Soler et al. (2016) recorded an average ozone reduction of

surface ozone concentrations are still lower during dust days over TD,
GD and NC, supporting the mechanism of dust direct uptake of O3 instead of via changing ozone precursors. The analyses of the spring 2016
and 2017 data give similar results to those of 2015 and are shown in the
supplementary material (Table S2-S3 and Fig. S4-S5).
6. Discussions
The previous section presents the dust-ozone relationship in
springtime of 2015 for Asian dust. PMcoarse is used as an indicator of
dust inﬂuences because we do not have observations of mineral dust
with good temporal and spatial coverage in China. Temporally, surface
O3 mixing ratios are found to be on average lower by 8.8 ppbv (22%),
2.2 ppbv (4.5%) and 5.3 ppbv (14.4%) over TD, GD and NC during the
dust days compared to their non-dust counterparts with similar meteorology deﬁned by T and RH. Spatially, the seasonal-mean surface O3
reductions during the dust days are −10.1 ppbv (−24.6%), −2.4 ppbv
(−4.8%) and −5.4 ppbv (−14.3%) for the three regions. In this section, we discuss the comparison of our results to previous ﬁeld studies,
mechanisms, and limitations.
6.1. Comparison to previous ﬁeld studies
Table 4 summarizes published ﬁeld studies of the dust-ozone relationship by dust type, time period, location, and observed dust level
and ozone change. The majority of these studies (Andrey et al., 2014;
Bonasoni et al., 2004; Jenkins et al., 2012; Reus et al., 2005; Soler et al.,
2016) reported measurements of Saharan dust episodes at one or a few
European sites over time periods ranging from a few days to seven
months. Tang et al. (2004) and Fairlie et al. (2010) presented monthlong aircraft measurements of Asian dust over the Yellow Sea and the
northeast Paciﬁc respectively. The present study examines the dust52
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no detectable ozone change
−10.1 ppbv (−24.6%)
−2.4 ppbv (−4.8%)
−5.4 ppbv (−14.3%)
The “dust associated” Ozone
diﬀerences

−20 ppbv

AOD 0.1–0.4
The “dust associated” PMcoarse
diﬀerences
21 April-11 May 2006
March–May 2015
Fairlie et al., 2010
this study

+500∼+2500 μg/m3
Coarse dust

The Yellow Sea (35–38°N,125–131°E; 0–6500 m
ASL)
The northeast Paciﬁc (1–11 km ASL)
TD
GD
NC

Coarse dust

0000-0800 GMT 04/11/2001

+0.10∼+1.14 cm

−3

Between non-SAL and SAL

Canary Islands (28.1°N, 15.4°W; 0–8 km ASL)
Cape Verde (16.84°N, 24.87°E; 200–1000 hPa)
Aitana (38°16′N; 0°41′W; 1558 m ASL)
June–September 1997–2011
25 June- 17 July 2010
May–September 2012

Andrey et al., 2014
Jenkins et al., 2012
Soler et al., 2016
Asian dust
Tang et al., 2004

28–31 July 2002
Reus et al., 2005

Po valley (10 m–56 m ASL)
Tenerife (28°18′N, 16°29′E: 2360 m ASL)

June–December 2000
Bonasoni et al., 2004

5.5% during Saharan events at a mountain station located near the
eastern coast of the Iberian Peninsula from May to September 2012.
There are however contradictory conclusions from previous ﬁeld
studies on the eﬀects of Asian dust on ozone. Tang et al. (2004) showed
a reduction of 20 ppbv in hourly O3 mixing ratio during one Asian dust
outﬂow episode sampled by an aircraft campaign over the Yellow Sea in
spring 2001. Fairlie et al. (2010) did not detect O3 depletion in Asian
dust plumes encountered during another aircraft campaign in spring
2006 over the northeast Paciﬁc, which seems to be an outlier with respect to observational studies of ozone in dust plumes. The aircraft data
in Fairlie et al. (2010) were snap-shots of atmospheric composition a
few thousands of kilometers downwind of Asia. The reason why such
data did not show ozone reduction associated with Asian dust can be
attributed to several reasons. First, Asian dust concentrations are lower
over the northeast Paciﬁc. The present study examined the ozone-dust
relationship within and close to the dust source regions in China, providing more direct observational evidence of ozone reduction by Asian
dust. In addition, we found the magnitude of the dust-associated O3
reduction has a general tendency of decreasing with decreasing PMcoarse
mass concentration, the proxy of dust levels. When Asian dust aerosols
are transported to the northeast Paciﬁc, the concentration is expected to
decrease, leading to a tendency of less ozone reductions by dust. The
second reason is the compounding eﬀects of meteorology on ozone. We
found meteorology plays a large role in controlling day-to-day O3
variability. Such eﬀect needs to be removed or at least controlled in
order to isolate the dust eﬀect on ozone. To control the meteorology
eﬀect, we used a season's worth of data to deﬁne a reference non-dust
day with similar meteorology as each dust day. However, due to the
short period of the aircraft campaign analyzed by Fairlie et al. (2010),
their work did not control for the eﬀect of meteorology in causing the
O3 variations in the dust episode. Third, the ozone uptake eﬀect may be
muted by the mixture of dust with anthropogenic air pollutants during
trans-Paciﬁc transport. By the time they reach the northeast Paciﬁc, the
properties of Asian dust would have been signiﬁcantly inﬂuenced by
anthropogenic pollutants from polluted eastern China. Some studies
suggested that Asian dust particles can be converted into aqueous
droplets forming Ca(NO3)2 and CaCl2 in the vicinity of strong anthropogenic emission sources (Tang et al., 2016; Tobo et al., 2010). O3
uptake coeﬃcients by dust were found to be diﬀerent on the diﬀerent
mineralogy of dust particles in laboratory studies (Crowley et al., 2010;
Usher et al., 2002). In addition, measured O3 uptake coeﬃcients by
mineral dust were found to decrease with increasing relative humidity
(Crowley et al., 2010).

+942.3 μg/m3
+191.1 μg/m3
+113.9 μg/m3

Compared to seasonal mean
Ozone

+19.2% ∼+36.7%
daytime
+173 μg/m3
nighttime
+187 μg/m3
+50∼+500 μm3/cm3

Between non-SAL and SAL
Between non-SAL and SAL

Compared to monthly mean
+5.55 μm3/cm3

Mean volume concentration for coarse
dust
PM10 compared to seasonal mean
PM10
Mt. Cimone (44°11′N, 10°42′E; 2165 m ASL)

Ozone change
Observed dust level
Location
Time period
Saharan dust

Table 4
Published ﬁeld studies of the dust-ozone relationship by dust type, time period, location, observed dust level and ozone change. Altitudes of sites are above sea level (ASL).

−4%∼ −21% (−3∼5 ppb)
−2.70%∼ −12.80%
daytime
−17 ppbv
nighttime
−22 ppbv
−35–15%
−20∼-30 ppbv
- 5.5% (max −15%)

Y. Nan, Y. Wang

6.2. Mechanisms
The majority of previous modeling studies suggested that heterogeneous reactions play the dominant role in the eﬀect of dust on O3.
Light scattering by dust particles leads to a decrease of direct radiation
but an increase of diﬀusive radiation in the lower atmosphere, and the
combined eﬀect was found to be small for photolysis rate calculation.
Liao et al. (2003) suggested that the inclusion of aerosols in photolysis
resulted in less than 0.2 ppbv change of monthly mean O3. Bian and
Zender (2003) showed a 0.2% increase of annual-mean O3 globally due
to the impact of mineral dust on photolysis rates. Tang et al. (2004)
estimated that the dust radiative inﬂuence was responsible for a 1 ppbv
ozone decrease during the dust episode they observed above the Yellow
Sea, compared to that of 20–30 ppbv attributed to heterogeneous reactions on dust. According to these modeling studies, we presume that
the predominant feature of ozone reduction during dust days over TD,
GD, and NC is caused primarily by heterogeneous reactions on dust.
The uptake of NO2 by heterogeneous reactions on dust forms more
soluble nitrates, which acts to reduce ozone (Fairlie et al., 2010; Wang
et al., 2012, 2017). However, NO2 is found to be higher over NC during
dust days, indicating other factors may dominate the dust eﬀect. As a
precursor for ozone, higher levels of NO2 would increase ozone levels
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meteorology reanalysis data during spring (March, April, May; MAM)
2015–2017 with a focus on 2015. Here we use the coarse particulate
matter mass concentrations (PMcoarse) as an indicator of dust inﬂuences
because we do not have observations of mineral dust with good temporal and spatial coverage in China.
We select dust days and their reference non-dust days based on the
distribution of daily PMcoarse, temperature (T), and relative humidity
(RH). The T and RH criteria are used to minimize the eﬀect of diﬀerent
meteorological conditions between a dust day and its reference nondust day. Temporally, surface O3 mixing ratios are found to be on
average lower by 8.8 ppbv (22%), 2.2 ppbv (4.5%) and 5.3 ppbv
(14.4%) over TD, GD and NC during the dust days compared to their
non-dust counterparts with similar meteorology deﬁned by T and RH.
Spatially, the seasonal-mean surface O3 reductions during the dust days
are −10.1 ppbv (−24.6%), −2.4 ppbv (−4.8%) and −5.4 ppbv
(−14.3%) for the three regions. The majority of dust days thus shows
lower O3 compared to non-dust days both temporally and spatially.
When the PMcoarse diﬀerence becomes larger during individual dust
days, indicating larger dust outbreaks, O3 is more likely to be reduced
and the magnitude of the reduction also becomes larger. NO2, SO2 and
CO appear to be higher during dust days outside dust source regions
(e.g. NC), possibly because of the compounding eﬀects of large anthropogenic emissions over this region. In spite of higher or similar
levels of primary pollutants, surface ozone concentrations are still lower
during dust days over TD, GD and NC, supporting the mechanism of
dust direct uptake of O3 instead of via changing ozone precursors.
The dust-associated O3 diﬀerences over TD, GD and NC are qualitatively similar to the ozone eﬀects attributed to Saharan dust in previous ﬁeld studies. According to previous modeling studies, we presume
that the predominant feature of ozone reduction during dust days over
TD, GD, and NC is caused primarily by heterogeneous reactions on dust.
The fact that surface ozone levels are still signiﬁcantly lower during the
dust days over NC suggests that the mechanism is via dust direct uptake
of O3, rather than the indirect eﬀect of dust uptake of ozone precursors
(i.e. NO2).
The limitations of the present study are the lacks of direct measurement of dust levels, ozone precursors and the spatial coverage of
observations. The impact of weather conditions on surface ozone
variability in China warrants a separate analysis. The dust-ozone relationship may require veriﬁcation with longer-term observations when
more data become available in the future. The relationship between
dust and surface ozone variations identiﬁed here provides a useful
metric that may be used to forecast ozone concentrations and evaluate
model performance in simulating meteorological drivers of ozone
variability in northern China.

and reduce the eﬀect of dust uptake of ozone during dust days. The fact
that surface ozone levels are still signiﬁcantly lower during the dust
days over NC suggests that the mechanism is via dust direct uptake of
O3, rather than the indirect eﬀect of dust uptake of ozone precursors
(i.e. NO2). Over TD and GD, little diﬀerence of these primary pollutants
between dust and non-dust days may be due to the fact that their
concentrations are low over these regions and could also be interpreted
to support the mechanism of dust direct uptake of O3. Therefore, in
spite of higher or similar levels of primary pollutants, surface ozone
concentrations are still lower during dust days over TD, GD and NC,
supporting the mechanism of dust direct uptake of O3 instead of via
changing ozone precursors.
6.3. Limitations
The main limitation of the present study is the use of PMcoarse as an
indicator of dust inﬂuences due to the lack of direct measurement of
dust levels. In particular, PMcoarse does not include ﬁne-mode dust.
Since ﬁne-mode dust is expected to co-occur with coarse-mode dust
during major dust episodes, PMcoarse is used as an indicator of the
timing of dust events, but it is not a good measure of dust concentrations. That is why we do not ﬁnd a good negative correlation between
PMcoarse and the dust-associated ozone diﬀerence.
The second limitation is the use of NO2, SO2 and CO as indicators of
precursor inﬂuences due to the lack of direct measurement of nitrous
oxide (NOx) and volatile organic compounds (VOCs). Ground-level O3 is
classiﬁed as a secondary air pollutant because it is produced in the
atmosphere when precursors such as NOx and VOCs react under sunlight. Precursors can be produced from diﬀerent sorts of emissions. NO2
and SO2 can be used as an indicator for NOx and VOCs from anthropogenic emissions (Zhang et al., 2009). Although CO is often not correlated with biogenic VOCs, it can be used as an indicator for VOCs
from biomass burning (Simpson et al., 2011) and residential solid fuel.
For biogenic VOCs from natural sources, we assume that they are similar under the same levels of T and RH (Guenther et al., 2012).
Therefore, under similar meteorology conditions, NO2, SO2 and CO in
combination can be used as indicators for precursors. With regard to the
year-to-year diﬀerences in the dataset analyzed here, Table S4 shows an
increasing trend for regional-mean NO2, SO2 and O3 over TD, GD and
NC during spring 2015–2017, with a decreasing trend for regionalmean CO. Thus, interannual variation is a signiﬁcant variable for O3
(F = 947.0, p < 0.001) in the GAM model (2). Therefore, we analyzed
the dust-associated diﬀerence analysis year by year instead of combing
three years together.
The third limitation is the spatial coverage. First, the MEE surface
network has limited spatial coverage, particularly over the dust source
regions. Furthermore, we only analyzed surface O3, whereas the dust
inﬂuence on ozone has been found to be more signiﬁcant in the free
troposphere (Andrey et al., 2014; Jenkins et al., 2012). The Saharan
dust layer observed in the free troposphere is typically a distinct onelayer structure below 5 km ASL. By comparison, a vertically twolayered dust distribution was observed during Asian dust outbreaks
(Eguchi et al., 2009; Nan and Wang, 2018; Sun et al., 2001). The lower
dust layer from the Gobi Desert is transported at an altitude less than
4 km ASL and likely mixed with Asian anthropogenic air pollutants. The
upper dust layer mainly originates from the Taklimakan Desert and is
transported in higher altitude around 5–12 km ASL above the major
clouds layer and almost unaﬀected by Asian air pollutants and wet
removal. Therefore, future work should be conducted to understand the
eﬀects of those dust layers on vertical ozone distribution.
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