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[1] There is an acid deposition conundrum in China: contrary to conventional wisdom,
extremely high ambient sulfate concentrations in northeastern China are not always
accompanied by correspondingly high acidities. To investigate this discrepancy, data from
two independent sets of in situ field measurements were analyzed along with Scanning
Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY) satellite
observations and Model for Ozone and Related chemical Tracers (MOZART) chemical
transport model calculations. The field measurements included soluble aerosol ion
concentrations and pH and particulate data from 11 cities, as well as pH measurement data
from 74 sites in China. This study explores the basis for and the impacts of the large
discrepancy in northeastern China between the major acidity precursors (SO2 and NOx) and
measured acidity levels as indicated by pH values. There are extremely high SO2 emissions
and ambient concentrations in northeastern China, while the corresponding acidity is
unusually low (high pH) in this region. This is inconsistent with the usual situation where
high-acidity precursor pollutants result in low pH (high acidity) values and acid rain
conditions. In other regions, such as southern China and the United States, high SO2

concentrations are typically well correlated with high acidities. Using measured soluble
particle measurements (including both positively and negatively charged ions), it is seen that
there are high values of alkaline ions in northeastern China that play an important role in
neutralizing acidity in this region. This result strongly suggests that the high alkaline
concentrations, especially Ca2+, increase warm season pH values by about 0.5 in northern
China, partially explaining the inconsistency between sulfate concentrations and acidity. This
has a very important implication for acid rain mitigation—especially in northeastern China.
However, there are additional issues pertaining to the precursor-acidity relationship that need
further investigation. Why is it that the reduction in acidity due to the alkaline ions is only
significant in summer? During winter, the measured alkaline ions play a much smaller role in
explaining the discrepancy. The measured alkaline ions in this study were mostly obtained
from particles in the PM2.5 range. However, the size of calcium particles is typically much
larger—extending well beyond 2.5mm—and so a significant amount of calcium may be
underestimated by PM2.5 measurements alone. The under-sampling of calcium particles is
further exacerbated in that the sampling protocol excluded particle (and soluble ion and pH)
measurements during dust storms. This all leads to the need for an improved understanding
of pollutant-ion-particulate interactions in China, and their role in explaining the
counter-intuitive conclusion that dust mitigation strategies in China could have the unintended
consequence of exacerbating acid rain conditions.
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1. Introduction

[2] There is an acid rain conundrum in northeastern China:
extremely high sulfate concentrations are not accompanied
by very high acidities. Several studies have previously shown
that, despite extremely high sulfur and sulfate concentrations
in northeastern China, acidity levels are low in this region
[Wang andWang, 1996; Tang et al., 2010]. At the same time,
high sulfur and sulfate concentrations in southern China are
not accompanied by low acidity. The reasons for this incon-
sistency between high acidity precursors and low acidity
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levels in northeastern China are not well understood. To inves-
tigate this contradiction, data were analyzed from two sets of
in situ field measurements that included soluble aerosols,
pH, and particulates in 11 cities and pH measurements at
another 74 sites across China together with Scanning Imaging
Absorption Spectrometer for Atmospheric Chartography
(SCIAMACHY) satellite observations and Model for Ozone
and Related chemical Tracers (MOZART)model calculations.
[3] According to the U.S. Environmental Protection

Agency, “‘acid rain” is a broad term referring to a mixture
of wet and dry deposition (deposited material) from the
atmosphere containing higher than normal amounts of
nitric and sulfuric acids” (http://www.epa.gov/acidrain/
what/index.html). Acid rain damages the environment. It
causes acidification of lakes and streams and contributes to
the damage of trees and sensitive forest soils. In forests, acid
rain that seeps into the ground can dissolve important
nutrients such as magnesium (Mg) and calcium (Ca). Acid
rain increases the acidity of lakes and streams, which is often
lethal to aquatic wildlife. And acid rain accelerates the decay
of construction materials and paints, damaging buildings,
monuments, and vehicles.
[4] Precipitation is acidified by two common air pollutants:

sulfur dioxide (SO2) and nitrogen oxides (NOX=NO+NO2).
Both SO2 and NOx are emitted to the atmosphere by natural
and anthropogenic processes. Natural emissions of SO2

include volcanic eruptions and biomass burning, while an-
thropogenic emissions are mainly due to the combustion of
coal and oil, which account for more than 75% of global
SO2 emissions [Chin et al., 2000]. Within China over the
period 1996–2010, coal combustion has been the single
largest contributor (89%–93%) to SO2 emissions [Lu and
Streets, 2011]. The variability over this 15 year period
reflects changes in the use of coal, the growth in China’s
economy, and the introduction of flue gas desulfurization tech-
nology. Natural emissions of NOx include lightning and
biomass burning (both natural and anthropogenic ) [Brasseur
et al., 1998; Bond et al., 2002; Tie et al., 2002; Horowitz
et al., 2003]. Anthropogenic emissions of NOx are mainly
from coal and oil combustion, which account for more than
75% of global emissions [Emmons et al., 2010].Within China,
coal and oil combustion accounted for 90% of NOx emissions
in 2010. For example, in the capital city of Beijing, the number
of vehicles increased from 0.9 million in 1994 to 2.7 million in
2005, which led to large increases in NOx emissions [Chan
and Yao, 2008]. In Shanghai, the GDP (Gross Domestic Prod-
uct) increased 15.6 times from 1990 to 2007, accounting for
more than 5% of the total GDP in China [SMSB, 2008]. As a
consequence, NOx emissions have increased rapidly; in the
six-year period from 1990 to 1996, NOx emissions nearly
doubled, increasing from 2.8� 105 tons to 4.8� 105 tons
[Chan and Yao, 2008].
[5] In 2009, coal usage was about 2.01 billion metric tons,

accounting for 70% of China’s total energy consumption
[IEA, 2010]. This has led to high SO2 emissions, resulting
in the high ambient concentrations of SO2 [Kawamoto
et al., 2004]. One of the major fates of SO2 gas is to
form sulfate particles; understanding their formation in the
troposphere is critical because of effects on human
health and climate [Zhao et al., 2006; Tie et al., 2009]. Quan-
tifying the SO2 budget—emissions, transformations, and
deposition—is an important environmental issue in China.

[6] The large increases in China’s anthropogenic emissions
of SO2 and NOx have been a consequence of the country’s
rapid economic development, especially in the large cities
and provinces in eastern China. From a national GDP of US
$1.20T in 2000, China’s GDP nearly doubled to US$2.26T
in 2005 and then more than doubled again in 2010 to
$5.93T. The spike in China’s growth during the latter half of
the past decade is projected to decrease yet the International
Monetary Fund projects, it will still average about nine percent
per annum through 2015, which will certainly be accompanied
by additional challenges to China’s acid rain and other atmo-
spheric pollution problems (http://www.forbes.com/sites/
billconerly/2011/12/19/chinas-economic-forecast-2012-2013-
a-business-perspective/).

2. Measurements and Modeling

2.1. Acidity Measurements

[7] Ambient SO2 and NOx gasses can be oxidized
into sulfates (H2SO4) and nitrates (HNO3). And when
sulfates and nitrates are entrained into rain, snow, and
fog droplets, they form acidic ions, such as SO4

2- and
NO3

- by the following processes:

H2SO4➔2Hþ þ SO4
2�; and HNO3➔Hþ þ NO3

�

thereby rapidly increasing the acidity of the hydrometeors.
[8] The China Meteorological Administration’s (CMA)

Acid Rain Monitoring Network (ARMN) has routinely
measured pH from 1992 to 2005 at 74 sites across China.
Of these sites, 37 are located in densely populated areas,
including provincial capitals and large cities (populations
greater than one million). The remaining 37 are located in
sparsely populated areas, and include three World Meteoro-
logical Organization-Global Atmosphere Watch regional
stations and three mountaintop weather stations. Precipita-
tion acidity and conductivity were routinely measured at
those 74 stations. The instrumentation, sampling, calibra-
tion, and other operations are all regulated according to the
CMA standard operations manual [1992; 2005]. Precipita-
tion samples were collected at the meteorological sites using
polyethylene polymer buckets of 40 cm diameter. The upper
rims of the buckets are installed at the height of 1.2m above
ground. Following the sampling protocol in place through
2005, samples were collected during precipitation events
(>1mm) only. Inter-comparisons of blind samples are
organized annually by the CMA’s central laboratory. Data
verification and validation were performed according to
procedures described by Tang et al. [2010]. The measured
pH values from 2003 have been used here, which is consis-
tent with the ion species measurements described below.
[9] For comparison purposes, pH measurements were also

obtained for 2003 from the 135 station network of the U.S.
National Acid Deposition Program (NADP). As with the
China data, annual-average pH values were similarly
calculated from the measured data. Samples were collected
continuously using a wet deposition collector, which opens
automatically during wet weather, allowing the precipitation
to fall into a collection bucket, and then closes as soon as the
precipitation ends. The samples were first weighed at the
field laboratories and then transferred to the Central Analyt-
ical Laboratory (CAL) in Champaign, Illinois. Each field site
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is also equipped with a weighing-bucket rain gage that
provides a continuous record of rainfall amounts (resolved
to 0.25mm). The rain gage also monitors the wet deposition
collector, recording whether the collector was properly open
during wet periods and closed during dry periods. All
the samples were sent to the CAL for analysis and data
entry, verification, and screening. The CAL measures free
acidity (pH) and ions in the rainwater. Finally, the CAL
delivers all data and information to the NADP Program
Office, which applies a final set of checks and resolves
remaining discrepancies. Data are then made available on
the NADP Web site (http://nadp.sws.uiuc.edu).

2.2. Soluble Ion Measurements

[10] In order to gain greater insight into the cause of the
pH-precursor inconsistency in northeastern China, a special
in situ network was established to measure various soluble
ions (including sulfates, nitrates, and the important positive
ions of Ca2+, Na+, K+, and Mg2+). Measurements were made
in 11 cities (Table 1) across China during January and July
2003. During the measurement periods, daily 24 h PM2.5

samples were collected by battery-powered mini-volume
samplers (Airmetrics, Euegene, Oregon, USA). The instru-
ments were operated at a flow rate of 5 lmin�1 [Cao et al.,
2005]. Samples were collected on 47mm quartz microfiber
filters (Whatman QM/A, Maidstone, UK), which were
precombusted at 900�C for 3 h to remove contaminants prior
to sampling. After collection, the loaded filters were
transferred to the laboratory of the Institute of Earth and
Environment (IEE), China, and placed in clean polystyrene
Petri dishes and stored at 4�C to prevent evaporation of
volatile components. Each filter sample was used for gravi-
metric determination of aerosol mass concentration; each
filter aliquot was equilibrated for 24 h at room temperature
(20–23�C) and relative humidity of 35–45%. The IonPac
CS12A column and IonPac AS14A column instruments
were used to determine ion concentrations. Standard refer-
ence materials produced by the National Research Center
for Certified Reference Materials (Beijing, China), were
analyzed for quality control. All reported ion concentrations
were calibrated against field blanks. Because these soluble
ion concentrations were not measured by the CMA’s pH
network, they provide useful information for better under-
standing the processes controlling acidity levels. It should
be noticed that there is an assumption that these measured

ions can be dissolved in rain water. In other words, the
measured result provided “background” acidity information,
instead of in-situ ions in precipitation water.

2.3. MOZART Model

[11] MOZART (Model for Ozone and Related chemical
Tracers; [Horowitz et al., 2003; Emmons et al., 2010]) is a
global chemical transport model that was used to calculate
the distribution of SO2 and NOx as well as their chemical
transformation to sulfates and nitrates. Values of pH were
also calculated with the MOZART model (following Tie
et al. [2005]), and subsequently compared with the in situ
measurements. In the pH calculation, the model accounts
for both the important gas to aqueous phase conversions
and the oxidation processes in aqueous phase. For example,
the dissociation of HNO3 is included in the calculation,
which enhances the gas to aqueous conversion by a factor
of 105. Two geographical regions—the U.S. and China—
were compared in order to investigate conditions in different
settings given that the U.S. had successfully initiated a
National Acid Precipitation Assessment Program nearly
three decades ago while China has just recently begun an
acid rain mitigation program.
[12] The chemical mechanism in MOZART includes

oxidation schemes for non-methane hydrocarbons: ethane,
propane, ethene, propene, isoprene, a-pinene, and n-butane.
The 85 chemical species simulated by MOZART are listed
in Table 2 of Emmons et al. [2010]. Heterogeneous reactions
of N2O5 and NO3 on sulfate aerosols are included, and
aerosol concentrations are also calculated in the model
[Tie et al., 2001]. The uncertainty in the reaction coefficient
of N2O5 ranges from 0.01 to 0.1; however, while the hetero-
geneous conversion from N2O5 to HNO3 is important at
high-latitudes, it is of minor importance in low-to-mid
latitudes [Tie et al., 2003] such as northeastern China. Sur-
face emissions of chemical species used in MOZART
include those from fossil fuel burning and other industrial
activity, biomass burning, biogenic emissions from vegeta-
tion and soils, and oceanic emissions. The 2003 global
surface emissions used in the model are summarized in
Tables 9 and 10 of Emmons et al. [2010] and include
99.3 Tg NO and 151.8 Tg SO2.
[13] By including SO2 and NOx chemistry and the chemi-

cal transformation from gasses to aerosol particles in
MOZART [Tie et al., 2005; Emmons et al., 2010], the pH
values could be calculated using the scheme of Seinfeld and
Pandis [2006], where

Hþ½ � þ NH4
þ½ � ¼ ½OH�� þ ½HCO3

�� þ ½NO3
�� þ ½HSO3

��
þ½2SO3

2�� þ ½2SO4
2�

and

pH ¼ �log Hþ½ �ð Þ

(1)

[14] In equation 1, the positive (alkaline) ion NH4
+

accounts for the effect of ammonia to decrease acidity. The
hydroxide ion OH- occurs due to the ionization of water
(H2O). The hydrogen carbonate ion HCO3

� is produced
by dissolved CO2 in water. The nitrate ion NO3

� is

Table 1. Cities (and Approx. Coordinates) Comprising the 11-Station
Network Used to Measure pH and Various Soluble Ions (See Also
Map in Figure 5)

Site Lat (�N) Lon (�E)

Hong Kong 22.25 114.17
Beijing 39.93 116.28
Chongqing 29.52 106.48
Yulin 22.63 119.15
Tianjin 39.14 117.18
Qingdao 36.10 120.37
Wuhan 30.58 114.27
Guangzhou 23.12 113.25
Shanghai 31.01 121.41
Hangzhou 30.26 120.17
Xi’an 34.16 108.95
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produced by dissociation of nitric acid (HNO3) in water.
HSO3

� and SO3
2� are the products formed by dissolved

SO2 gas in water. And SO4
2� results from the dissociation

of sulfate particles in water. There are two very relevant impli-
cations of this equation. First, the SO2 effect is very important
due to both the dissolved gas SO2 in water and the dissociation
of sulfate particles. There is also a factor of two associated with
SO3

2� and SO4
2� in equation 1, as each of these species con-

tains two negative ions. Second, in the ambient atmosphere,
there are several positive ions, such as Ca2+, Na+, K+, and
Mg2+, which are not included in the model. As a result, the
model calculation of the pH values assumes that these positive
ion concentrations are relatively small and have only a minor
effect on pH, which may not always be the case.
[15] MOZART was used to understand the impact of

the major air pollutants SO2 and NOx on acid precipitation
in China. To gain greater understanding, we also used
MOZART to simulate conditions in the U.S. to compare
differences between the two countries in terms of pollutant
precursors and the resulting acidity. As described by
Emmons et al. [2010], the SO2 emissions in China and used
in MOZART are significantly greater than those in the U.S.
For example, the annual emission of SO2 in the U.S. is about
18 Tg, which is about 10% of the annual global emissions. In
contrast, the annual emissions of SO2 in China are about
40 Tg, about 25% of annual global emissions.

[16] Unlike SO2, NOx emissions (expressed as NO) show
smaller differences between the U.S. and China. The annual
emission of NOx in the U.S. is about 12Tg NO, accounting
for about 13% of global NOx emissions, which is similar to
emissions in China (15Tg NO, or 17% of the global annual
average). Also, the geographic distribution is somewhat simi-
lar in the two countries with higher emission densities of both
SO2 and NOx located in eastern parts of China and the U.S.

3. Results and Discussion

3.1. MOZART Simulations and Comparisons With
Observations

[17] With high SO2 and NOx emissions in both eastern
China and the U.S., there are corresponding, relatively high
annual-average SO2 and NOx surface concentrations in these
regions. Figure 1 illustrates the calculated SO2 concentra-
tions, which are highest in eastern China with a maximum
value of ~30 ppbv. In contrast, the SO2 concentrations in
the eastern U.S. are significantly smaller than those in east-
ern China, with a maximum value of only ~10 ppbv. The
calculated NOx concentrations, however, show some simi-
larity between eastern China and the U.S., with a maximum
value of ~10 ppbv in both regions. This result is consistent
with the earlier findings of Tie et al. [2006].

Figure 1. MOZART-calculated surface concentrations (ppbv) of SO2 andNOx in eastern China (right-hand
panels) and the eastern U.S. (left-hand panels).
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[18] The MOZART calculations were also compared to
satellite measurements to evaluate the representivity of the
model results. Column-integrated values of SO2 were
obtained from the SCIAMACHY imaging spectrometer
aboard the European Space Agency’s Envisat satellite that
was launched in 2002. Envisat flies in a sun-synchronous
polar orbit at an altitude of about 800 km, and the repeat
cycle of the orbit provides complete global coverage about
every three days. The detailed retrieval process and uncer-
tainty of the SCIAMACHY columnar data is documented
by Bovensman et al. [1999]. The MOZART-SCIAMACHY
comparison for eastern China (Figure 2) indicates fair simi-
larity for the horizontal distribution of column SO2. For
example, there are two local maxima of SO2 concentration
in both the modeled and measured results. The first high is
centered in northeastern China, and the second is located in

mid-south China (Sichuan Province). However, there are
also some discrepancies between the simulations and
measurements. For example, the maximum in central China
is overestimated, while the maximum in southern China is
slightly underestimated. The modeled distribution displays
a more diffuse pattern than the measured distribution, largely
due to the coarse resolution of the model (2.8� by 2.8� in
latitude and longitude). Also, the area of high concentrations
in northeastern China has a larger spatial extent than
indicated by the SCIAMACHY retrievals.
[19] To demonstrate the representativeness of the calcu-

lated pH values, the calculated pH values using equation 1
are compared with the corresponding measured values in
the U.S. at the 135 NADP sites (see the upper panel of
Figure 3). Both the modeled and measured results represent
annual-average values. It can be seen that the measured and

Figure 2. The 2003 annual-average SO2 column distribution measured by SCIAMACHY and
corresponding MOZART-calculated values in eastern China.
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calculated pH patterns are spatially consistent with acidity
highest in northeastern U.S. Both measured and calculated
minimum pH values are in the range 4.2–4.6. The high
acidity values are closely related to high concentrations of
SO2 and NOx in this region (Figure 1) where both the SO2

and NOx concentrations range from 5 to 10 ppbv. However,
some discrepancies are also noticeable. For example, the
calculated maximum is overestimated compared to the
measured pH values. The second high-acidity region is
located in southeastern U.S., with pH values ranging from
4.4 to 4.8. In this region, the SO2 concentrations vary from
3 to 4 ppbv, and the NOx concentrations vary from 3 to
5 ppbv, which are less than half the respective concentra-
tions in the northeast. In northwestern U.S., the acidity is
weakest, with pH values ranging from 4.8 to 5.5. As shown
in Figure 1, the concentrations of SO2 and NOx in this region
are lowest (less than ~1 ppbv), yielding low acidities in this
region. In the middle of the U.S., the calculated pH values
are generally higher than the measured results.

[20] The lower panel of Figure 3 indicates that the
measured pH values are reasonably well simulated with
MOZART. Despite overall agreement between the model
results and the most important features of the measurements,
there are also some discrepancies. For example, the model
results show less of the fine scale features due to the coarse
horizontal resolution of the model. The general consistency
between the calculations and measurements suggests
that the pH values can be reasonably well simulated by
MOZART together with the Seinfeld-Pandis relationship
(equation 1). As a result, we are confident in concluding,
in general, that SO2 and NOx play the major role
in determining acidity in the U.S., while the positive ions
Ca2+, Na+, K+, and Mg2+ play only a minor role in the U.
S. because of their low concentrations. However, there is
an exception in the middle of the U.S. where the modeled
pH values range from 4.4 to 4.6, while the measured values
are about 5.5. This overestimation of acidity in the middle U.
S. suggests that positive ions might play an important role in
reducing the acidity in this region as the wet deposition mea-
surements indicate that the concentrations of Ca2+ in rain
water are significantly higher than in the eastern U.S.
[21] As will be seen, the situation is quite different in

China. Figure 4 compares the distribution of the measured
and calculated pH values in China and its neighboring
countries. Unlike the model results in the U.S., the
calculated pH values in China are not consistent with the
measured values. For example, the calculated acidity is
highest in northeastern China, with pH values ranging from
3.8 to 4.0. These calculated acidities are consistent with the
high SO2 and NOx concentrations calculated for this region.
As seen in Figure 1, the maximum modeled SO2 and NOx

concentrations are 30 and 10 ppbv, respectively, resulting
in high calculated acidities in this region. However, the

Figure 3. Measured (circles) and MOZART-calculated pH
values using equation 1 (contour lines) in the U.S. (upper
panel) and China (lower panel). The large red circle
indicates the area where there is a significant discrepancy
between measured and calculated pH values.

Figure 4. Measured (blue bars) and calculated (red bars)
pH occurrence frequency (%) in the U.S. (upper panel) and
China (lower panel). Data are from the 135 NADP sample
sites in the U.S. and the 74 CMA-ARMN sites in China.
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corresponding measured pH values show considerably
lower acidities, with pH ranging from 5 to 6 in this region.
In southeastern China, on the other hand, the calculated
and measured acidity values show much better agreement
(except along the south coast of China). For example, the
calculated pH values range from 4.2 to 4.4, and the
measured values range from 4.2 to 5.0. In the remote
western regions of China, both calculated and measured
acidities are low (pH ~5.0) due to the correspondingly low
SO2 and NOx concentrations.
[22] The differences between observations and model-

calculated pH are greatest in northeastern China (indicated
by the red circle in Figure 3). This discrepancy implies that
equation (1) cannot be used to properly calculate the pH
values in this region. The acidity should be highest in
northeast China owing to its high concentrations of SO2

and NOx. However, measurements in this region show
considerable low acidity, which in inconsistent with the
physical processes inherent in equation 1. Yet in the eastern
U.S., it was clearly seen that acidity is proportional to the
concentrations of SO2 and NOx. A likely reason for this
discrepancy is that the concentrations of the positive ions
(Ca2+ and NH4

+) are considerably higher in eastern China
than in eastern U.S. For example, the averaged positive-
negative ion ratio, (Ca2+ +NH4

+)/(SO4
= +NO3

�), is 0.12
for the eastern U.S. but 0.37 for eastern China. Accordingly,

these positive ions can be neglected in the acidity calcula-
tions in the U.S., while they cannot be ignored in China
(especially in northeastern China).
[23] The nature of pH distributions in China and the U.S.

is further explored using the frequency distributions of the
measured and calculated annual mean pH values at the 74
CMA sites and the 135 NADP sites. The comparison
(Figure 4) shows that calculated frequency of occurrence
(%) pH values in the U.S. is in good agreement with the
measured high frequency of occurrence for the 4.4–4.8
(primary) and 4.8–5.2 (secondary) pH bins. The measured
mean and median pH values are 4.86 and 4.80 in the U.S.
sites, compared with calculated values of 4.66 and 4.67.
The total range is relatively narrow, with pH values distrib-
uted from 4.0 to 6.0. The measured standard deviation
(SD) is 0.40 and the calculated SD is 0.31, while the
measured and calculated skewness are 1.12 and 1.22, respec-
tively. Unlike the good agreement at the U.S. sites, there are
major discrepancies between the measured and calculated
frequency distributions in China. The calculated maximum
frequency is located in the 4.0–4.4 bin, while the measured
maximum lies in the 5.2–5.6 pH bin. The measured mean
and median pH values are 5.81 and 5.80, respectively,
compared with the calculated values of 4.48 and 4.35—more
than an order of magnitude difference in actual acidity. The
range of the measured frequency bins (4.2–7.6 pH) is

Table 2. The Measured Mean Concentrations (mg/m3) of Various Soluble Ions in 11 Cities Across China During January and July, 2003

City PM2.5 Na+ NH4
+ K+ Cl- NO3

- SO4
2- Ca2+ Mg2+ pH

January–July Averages
HK 65.06 0.58 5.44 0.90 1.01 6.14 14.99 3.71 0.26 5.47
BJ 148.76 1.48 12.26 1.82 3.50 14.90 24.81 2.32 0.27 5.09
CQ 253.31 1.59 21.99 4.76 7.66 12.44 51.37 1.22 0.29 4.32
YL 140.73 3.83 6.24 2.14 0.87 6.38 15.28 1.80 0.30 6.23
TJ 160.43 3.77 16.48 2.22 9.74 18.83 31.83 5.32 0.36 5.62
QD 107.14 1.46 11.11 1.83 3.12 14.80 20.34 1.74 0.13 5.00
WH 144.41 1.99 12.61 3.04 2.97 17.46 24.16 1.33 0.07 4.80
GZ 133.18 1.95 8.46 2.43 2.93 10.03 20.78 2.66 0.23 4.77
SH 124.34 1.73 10.16 2.30 4.35 12.77 20.56 1.65 0.24 5.96
HZ 133.78 1.62 11.19 3.90 2.60 14.93 24.99 2.03 0.25 4.35
XA 236.10 2.29 18.87 3.30 4.95 17.83 39.30 4.54 0.45 6.75

Winter (January)
HK 102.71 0.54 10.69 1.14 0.62 11.26 26.00 2.21 0.24 5.21
BJ 161.60 2.00 16.00 1.40 5.70 19.90 29.50 1.70 0.30 4.47
CQ 356.57 2.24 33.36 6.55 13.12 19.32 70.78 1.22 0.31 4.10
YL 231.30 3.10 11.60 3.70 0.90 10.70 20.50 1.30 0.30 5.82
TJ 206.70 3.20 23.20 3.10 13.60 27.00 38.90 2.30 0.40 5.24
QD 186.30 2.68 20.61 3.28 5.54 27.67 34.29 1.17 0.14 4.60
WH 227.10 3.40 22.70 3.80 5.30 32.50 36.60 1.30 0.10 4.60
GZ 222.20 3.50 15.80 3.80 5.30 18.90 35.40 3.30 0.20 4.33
SH 195.70 2.60 16.60 3.00 7.70 24.00 27.50 2.00 0.30 5.90
HZ 182.50 2.60 17.10 5.00 4.40 24.10 33.00 2.20 0.30 4.00
XA 348.20 2.20 30.70 4.60 8.80 28.80 55.20 3.70 0.50 6.70

Summer (July)
HK 27.42 0.61 0.20 0.65 1.40 1.02 3.97 5.22 0.27 5.72
BJ 135.9 0.90 8.50 2.20 1.30 9.90 20.10 2.90 0.30 5.70
CQ 150.1 1.00 10.60 3.00 2.20 5.60 32.00 1.20 0.30 4.53
YL 50.14 4.55 0.88 0.55 0.87 2.08 10.02 2.34 0.30 6.64
TJ 114.21 4.38 9.73 1.36 5.92 10.62 24.75 8.34 0.34 6.00
QD 27.99 0.24 1.61 0.39 0.70 1.93 6.40 2.31 0.11 5.40
WH 61.70 0.50 2.50 2.30 0.60 2.40 11.70 1.40 0.00 5.00
GZ 44.20 0.40 1.10 1.10 0.50 1.20 6.20 2.00 0.20 5.21
SH 53.00 0.90 3.70 1.60 1.00 1.50 13.60 1.30 0.20 6.03
HZ 85.00 0.60 5.30 2.80 0.80 5.80 16.90 1.80 0.20 4.70
XA 124.10 2.37 7.02 1.97 1.07 6.91 23.37 5.40 0.41 6.8

HK, Hong Kong; BJ, Beijing; CQ, Chongqing; YL, Yulin; TJ, Tianjin; QD, Qingdao; WH, Wuhan; GZ, Guangzhou; SH, Shanghai; HZ, Hangzhou;
XA, Xi’an.
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significantly wider than the calculated range (3.8–5.4 pH).
The measured SD is 1.03, while the calculated SD is 0.44.
And the measured skewness is �0.06, while the calculated
skewness is 1.27. These differences in the frequency distri-
butions further point to the important roles of positive ions
in neutralizing acidity in northeastern China, which will next
be explored through analysis of the detailed ion measure-
ments from the 11 station network.

3.2. The Role of Positive Ions

[24] In order to quantitatively study the important issue of
low-acidity and high acidity-precursors (SO2 and NOx) in
northeastern China, the 11 city in situ network was operated
during January (winter) and July (summer) of 2003 to mea-
sure a suite of soluble ions and pollutants (including pH,
sulfates, nitrates, and the positive ions of Ca2+, Na+, K+,
and Mg2+). The monthly average values are listed in Table 2.
[25] The measured concentrations of PM2.5 are very high

with monthly average values well in excess of China’s
new particulate standards (Appendix A). By way of
comparison, the U.S. National Ambient Air Quality
Standards for PM2.5 are 15 mgm�3 (annual average) and
35 mgm�3 (24 h average), and the newly announced (These
new PM standards for China were enacted in February
2012 and will take effect for four cities in 2012 and extended
to another 113 cities in 2013). Chinese National Ambient
Air Quality Standards for PM2.5 are 35 mgm�3 (annual
average) and 75 mgm�3 (24 h average). The monthly
averaged PM2.5 concentrations at the 11 sites in China
were generally higher than 100 mgm�3, except the HK site

(65 mgm�3). For the negative (acidic) ions, the con-
centrations of SO4

2� were the highest (ranging from 15 to
50 mgm�3), followed by the NO3

� concentrations (ranging
from 6 to 18 mgm�3). Because of the high SO4

2� concentra-
tions and the two ions in each molecule, the sulfate particles
are the dominant acidifying species in acid rain in China. In
addition to the negative ions, there were also large concen-
trations of positive (alkaline) ions, which neutralize and so
reduce the acidity of acid rain. The seasonal variation of
temperature and emissions also plays important roles for
NH4

+ and NO3
�. As discussed by Budhavant et al.

[2012] and Safai et al. [2010], ammonium nitrate (NH4NO3)
is more stable in winter than summer because of the lower
temperatures. The emissions of the precursors of NO3

�

and SO4
2� are higher in winter than summer due to the

higher usage of coal (e.g., heating). The highest concentra-
tions of the positive ions were those of NH4

+ (ranging from
5 to 22 mgm�3), followed by the concentrations of Ca2+

(ranging from 1 to 5 mgm�3), Na+, and K+. The higher
NH4

+ levels are attributed to high biochemistry activities,
such as urban landfills [Makar, et al., 2009]. The high con-
centrations of Ca2+ are typical in large Chinese cities, par-
tially due to rapid economic development, which leads to a
large number of construction sites. These building sites
and unpaved or dirt roads often produce large amounts of
dust with associated Ca2+ emissions.
[26] In addition to construction sites, high concentrations

of Ca2+ also result from dust storms [Shen et al., 2011]. In
the desert region of northwest China and Mongolia, massive
dust storms [Bian et al., 2011] often occur that are
transported eastward causing high particle concentrations
and extremely low visibility. These dust storms have a very
strong seasonal variability, often occurring in springtime
[Singer, 1988; Gomes and Gillete, 1993; Bian et al.,
2011]. They contain very large particles (up to 50 mm in
diameter) and consist of Al, Si, K, Ca, Ti, Mn, Fe, and so
forth. [Xuan and Sokolik, 2002]. As discussed by Shao and
Dong [2006], the frequency of dust storms in eastern China
ranges from 1 to 10 per annum, depending on location. For
example, during 2003, over the source area of Mongolia,
there were six dusty days in March, 18 days in April, and
10 dusty days in May [Chung et al., 2005]. As shown by
the trajectory study [Wang et al., 2004], the pathway of these
Mongolia dust storms were located in northern China, such
as YL, XA, BJ, and TJ, but were hardly reached to the mea-
surement sites in southern China. During the periods of the
dust storms, the alkaline (such as CA2+) significantly
increased [Kanai et al., 2005]. The measurement sites in
northern China, such as YL, XA, BJ, TJ, and QD, can be
expected to have greater Ca2+ concentrations as a result of
dust storms than the measurement sites located in southern
China (see Figure 5).
[27] The four selected measurement sites depicted in

Figure 6 each represent different situations with regard to
ion concentrations. At Xi’An (XA), the two-month
average concentrations of SO4

2� were the second highest
(39 mgm�3) among the 11 cities, but the acidity is low
(pH= 6.75). At Tianjin (TJ), the situation is similar to
Xi’An, with SO4

2� concentrations being the third highest
(32 mgm�3) and also with accompanying low acidity
(pH=5.62). But conditions at Chongqing (CQ) and Hangzhou
(HZ)—high concentrations of SO4

2- positively correlated

Figure 5. Location of the measurement sites for PM2.5, pH
and soluble ions in 11 cities across China. The contour lines
are the annual-average surface SO2 concentrations from the
MOZART model simulations.
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with high acidity—are very different when compared to Xi’An
and Tianjin. At Hangzhou, the SO4

2� concentration was
25mgm�3 with pH=4.35, while at Chongqing, the SO4

2-

concentration was highest (51mgm�3) among the 11 cities,
and the acidity was also highest (pH=4.32). In the following
analysis, we denote the first situation (as observed at XA and
TJ) as the “inconsistent” case, and the second (HZ and CQ)
as the “consistent” case. The so-called “consistent” case indi-
cates that the concentrations of SO4

2� and acidity are posi-
tively correlated, while the “inconsistent” case indicates that
they are negatively correlated. The measurement data in
Table 2 demonstrate that the “inconsistent” case generally
occurs at the more northern sites, while the “consistent” case
occurs at the more southern sites.
[28] One of the factors leading to the unusually low acidity

observed in northeastern China is the presence of a large
amount of alkaline ions, which neutralize the acidity as
previously discussed by Wang and Wang [1996] among
others. As shown in Figure 6 and Table 2, alkaline concen-
trations are especially abundant in northern China. For
example, the concentrations of Ca2+ were considerably
higher at the northern measurement sites in XA and TJ
(4.5 and 5.3 mgm�3, respectively) than at the southern sites
in CQ and HZ (1.2 and 2.0 mgm�3, respectively). And since
Ca2+ contains two positive ions, its neutralizing effect is
doubled compared to a single charged ion on an equal molar
basis. Although the alkaline concentrations are taken into
account in the calculation of the pH values, the alkaline
concentrations are still smaller than the acidic concentrations
(Figure 6). As a result, the measurements indicate there

apparently insufficient positive ions to significantly reduce
the acidity in the measured pH values at the sites in northern
China. The likely source of this seeming contradiction is the
size-cutoff (2.5 mm) of the measured particles. According to
the study of Shen et al. [2007], the concentrations of Ca2+

were found to be significantly higher in total suspended
particulates (TSP) than in PM2.5 (i.e., particulates less than
2.5 mm in diameter), indicating that Ca2+ ion concentrations
are higher in the larger sizes (diameter >2.5 mm). Because
the ion measurements in the 11 Chinese cities were based
on the PM2.5 samples, the concentrations of Ca2+ likely are
significantly underestimated by the measured data. Unlike
the other 10 sites, ion concentrations were measured both
for PM2.5 and PM10 particles at the Xi’an site (see Figure 7).
Comparing the concentrations of Ca2+ in PM2.5 and PM10

measured at the Xi’an site, it is clear that in the larger
PM10 particles, the acidic ion concentrations (SO4

2�,
NO3

�, and Cl�) are smaller than in the PM2.5 particles as
the ion ratios (IPM10/IPM2.5) are less than 2. In contrast, the
alkaline ions, especially Ca2+, Na+, and Mg2+, in the PM10

particles are significantly higher than their concentrations
in the PM2.5 particles. For example, the Ca2+ concentration
is 5.5 times higher in PM10 than in PM2.5. As a result, the
percentage of Ca2+ in the total measured ions increased from
5% in PM2.5 to 27.5% in PM10. The ratio (IPM10/IPM2.5) of
these ion concentrations can be considered an enhancement
or scaling factor for estimating the ion concentrations in
PM10 particles. Due to the lack of PM10 measurements in
the other ten cities, we applied these ratios (Figure 7) to all
of the measurements. In this way, the enhanced Cl�, K+,

Figure 6. Four selected measurement sites, indicating their respective distributions (January–July aver-
age values) of acidic ions (red to yellow colors) and alkaline (blue to gray colors) ions together with pH
and sulfate levels. The blue line in the map separates the northern and southern regions.
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Ca2+, Na+, and Mg2+ data were used in equation 1 to study
the impact of the scaled ion concentrations, particularly the
effect of the alkaline ions on acidity in northeastern China.
[29] Comparison of the measured pH values with the

calculated results is illustrated in Figure 8. The calculations
include two cases: Case 1 that uses equation 1 but without
some of the important alkaline ions (e.g., Ca2+, Na+, etc.);
and Case 2 that uses equation 1 with these important alkaline
ions. The results indicate that by including these alkaline ions
(especially Ca2+), the calculated pH values are improved when
compared with the measured pH values. For example, in
Case 1, the pH values are underestimated by 0.2–1.4, with an
average underestimation of about 1.0. In contrast, the calculated
pH values in Case 2 are significantly increased, with the aver-
age underestimation reduced to 0.4. This improvement in the
calculation of the pH values suggests that these alkaline ions,

(a) Summer (July)

Figure 8. Measured and calculated pH values using equation 1 without (Case 1) and with (Case 2) the
alkaline ions during: (a) summer (July 2003), and (b) winter (January 2003). The lower panels show the
geographical distribution at the eleven sites while the two upper panels compare the measured and
calculated pH values and their differences at five sites.

Figure 7. Measured ratio of PM10 and PM2.5 for different
ions at XA, averaged for the months of January and July 2003.
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particularly Ca2+, play a very important role inmoderating acid-
ity in northeastern China while having a smaller effect in south-
ern China. Moreover, this improvement is only seen for the
summer calculations, while the improvement in the calculation
of pH values is considerably smaller in winter (Figure 8b).
Some of the important processes still need to be better
understood, such as the impacts on acidity of very large
particles (e.g., >PM10,) in urban dust and natural dust storms
in northern China.

4. Conclusion

[30] In situ pH and soluble ion measurements as well as
modeling calculations were undertaken to better understand
the nature and causes of atmospheric acidity in China. The
results suggest that in northern China, there is a large
discrepancy between the major acidity precursors (SO2 and
NOx) and the measured acidity values (indicated by pH).
There are extremely high SO2 emissions and ambient
concentrations in northeastern China, while the acidity is
unexpectedly low in this region, resulting in an “inconsis-
tent” situation for acid deposition conditions in this region.

This discrepancy was only seen to occur in northern China
while in other regions, such as the U.S. and southern China,
high SO2 concentrations are generally well correlated with
high acidity values. Using the measured soluble particles
(including both acidic and alkaline ions) sampled from
11 city network, we find that there are unusually high levels
of alkaline ions in northern China, which play an important role
in neutralizing acidity in that region. The results suggest that
the high alkaline concentrations, especially Ca2+, can increase
summer pH values by about 0.5 in northern China, partially
explaining the inconsistency between high sulfate concentra-
tions and low acidity. This result has a very important implica-
tion for acid deposition mitigation in northern China. Because
the calcium particles in China are mostly the result of dust from
natural dust storms and construction activities, the reduction of
dust pollution could potentially have the unintended conse-
quence of increasing acid precipitation in northern China. This
could possibly occur when, for example, the pace of new con-
struction is significantly reduced in northern China.
[31] This study also suggests that despite the progress

made in quantitatively understanding the “inconsistent”
situation in northern China, there are still unknown issues

(b) Winter (January)

Figure 8. (continued)
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needing further investigation. For example, the reduction of
acidity due to the alkaline ions is only significant in summer.
During winter, the measured alkaline ions play a much
smaller role. We also found that the alkaline ions measured
at Xi’An are found largely in the size range from PM2.5 to
PM10, while even larger particles were not included in the
measurements. Because calcium ion concentrations are
greater in the larger particles, a significant amount of
calcium—a key alkaline ion in northern China—may be
underestimated; and importantly, we note that the frequent
dust storms that occur in northern China were not sampled
(they were explicitly excluded in the sampling protocol used
in this study). As a result, dust storms may also be a key
factor in understanding the “inconsistency” problem of acid
rain in northern China. It should also be noted that the
measurements used in this study were obtained in 2003,
and updated data would be very useful, both to quantify the
current situation and to understand the implications of any
changes that may have occurred over the past decade. This
all leads to the need for an improved understanding of
pollutant-ion-particulate interactions in China and their role
in explaining the counter-intuitive conclusion that particulate
mitigation strategies in China could have the unintended
consequence of exacerbating acid rain conditions.

Appendix A: National Ambient Air Quality
Standards for Particulate Matter
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Averaging
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[71 FR 61144,
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PM2.5 primary
and

secondary

Annual 15mg/m3 annual mean,
averaged

over 3 years
24 h 35mg/m3 98th percentile,

averaged
over 3 years

PM10 primary
and

secondary

24 h 150mg/m3 Not to be
exceeded

more than once
per year on
average

over 3 years

China National Ambient Air Quality Standardsa

Averaging Time Level Form

PM2.5 Annual 35 Grade II
15 Grade I

24 h 75 Grade II
35 Grade I
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40 Grade I

24 h 150 Grade II
50 Grade I

a
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special protection; Grade II is for residential, commercial, indus-
trial, and rural areas.
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