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Abstract    Daily and annual average atmospheric environmental capacity coefficient (A-value) sequences for mainland China
are calculated from hourly data recorded at 378 ground stations over 1975–2014. A-values at different recurrence intervals are
calculated by fitting the sequences to Pearson type III distribution curves. Based on these A-values and source-sink balance
(reference concentration 100 μg m−3), atmospheric environmental capacities at the recurrence intervals are calculated for all of
mainland China and each provincial administrative region. The climate average atmospheric environmental capacity reference
value for the entire mainland is 2.169×107 t yr−1. An urban atmospheric load index is defined for analyses of the impact of
population density on the urban atmospheric environment. Analyses suggest that this index is also useful for differentiating
whether air quality changes are attributable to varying meteorological conditions or variations of artificial emission rate.
Equations guiding the control of unorganized emission sources are derived for preventing air quality deterioration during urban
expansion and population concentration.
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1.    Introduction
Atmospheric environmental capacities on a large scale and
allowable emissions on the local scale are critical parame-
ters supporting regional atmospheric environment manage-
ment. The former aim to prevent regional accumulation of
pollutants and the latter help ensure that monitored pollutant
concentrations are below permissible levels (Xu and Wang,
2013). The present study is focused onmethods for determin-
ing atmospheric environmental capacities and their statistical
characteristic values. Determination of these properties can
provide basic information guiding regional emissionmanage-
ment and urban agglomeration planning, although this has
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been a challenging task.
Several studies (Sun et al., 2015; Xue et al., 2014; Qian and

Wang, 2011; Li et al., 2010; Xu et al., 2010; Xiao et al., 2008;
An et al., 2004) have calculated atmospheric environmental
capacities by multi-source modeling, based on emission in-
ventories and optimization of maximum total emission, under
the criterion that target pollutant concentrations at monitor-
ing sites meet national standards. A major advantage of this
approach is that the calculated atmospheric environmental ca-
pacities are directly linked to environmental quality standards
and can thereby facilitate emission regulation. In using this
modeling approach to determine the statistical parameters of
atmospheric environment capacity while considering the sta-
tistical aspects of meteorological conditions, the model in-
volves statistical characteristics of the sampling population
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of sources, which vary by period. In fact, in this modeling,
these basic information are usually established with reference
meteorological conditions and emission source scenarios. As
a result, the reliability of the statistical characteristics of cal-
culated environmental capacity is unclear. Furthermore, be-
cause this approach considers emissionswhile ignoring pollu-
tant removal-accumulation processes in an entire region, it es-
sentially calculates the total permissible emission under given
scenarios.
Atmospheric environmental capacity expresses the balance

between pollutant emission and removal at specified pollu-
tant concentrations. We recently (Xu and Wang, 2013; Xu
et al., 2016) defined atmospheric environmental capacity as
follows. For a given volume in atmosphere and time inter-
val, when pollutant generation (source) and removal (sink)
reach a balance, the pollutant concentration maintains a spec-
ified value (threshold concentration), and the rate of pollutant
generation (emission) is defined as the atmospheric environ-
mental capacity under the threshold concentration. Accord-
ing to this concept, the determination of atmospheric envi-
ronmental capacity is transformed into ascertaining the rate
of pollutant removal in the atmospheric volume at a given
threshold concentration. This approach offers several advan-
tages. For example, the capacity determined is mainly de-
pendent on natural conditions and independent of the proper-
ties of emission sources. Moreover, the data examined rep-
resent a relatively homogeneous population with relatively
stable statistical aspects, and the related frequency curves are
readily fit to theoretical distributions. A disadvantage of this
approach, however, is that the determined capacity is not di-
rectly linked to pollutant concentrations at monitoring sites.
Thus, the permissible emission for each source must be fur-
ther calculated by multi-source modeling. Despite this, when
the permissible total emission is set to less than the atmo-
spheric environmental capacity determined by this approach,
pollutant accumulation is impossible because of the princi-
ple of source-sink equilibrium. Therefore, the Chinese na-
tional standard for atmospheric environmental capacity deter-
mination (GB/T 3840-91: Technical method for making local
emission standards of air pollutants) lists this approach as the
atmospheric environmental capacity coefficient method (fre-
quently called the A-value method).
Natural removal of pollutants in the atmosphere proceeds

through chemical conversion to secondary pollutants and
transport via physical processes (e.g., advection, turbulent
diffusion, and dry/wet deposition). The A-value method
ignores pollutant removal via chemical conversion. For
primary pollutants, the capacity obtained is only an ideal
physical capacity, which must not be greater than the
“real” capacity when chemical conversion is included. For
secondary pollutants, there is a chemical process for the gen-
erated items, and only the physical removal process for the
purge items. Therefore, the physical capacity of secondary

pollution obtained by the A-value method should be closer to
the “true” capacity, unless there is a further chemical removal
process.
In this study, we investigated the rate of pollutant removal

in the atmosphere of mainland China via physical processes
(hereafter called the removal rate) by the A-value method,
assuming homogeneous pollutant distribution in the atmo-
spheric boundary layer at a reference concentration (Cr) of
100 μg m−3. We also calculated removal rates at various re-
currence intervals in provincial-level administrative regions,
and correspondingly estimated ideal atmospheric environ-
mental capacities for several pollutants (hereafter called
atmospheric environmental capacities). Finally, we analyzed
the effect of urban scale on pollutant removal rate for the
local atmosphere, addressed the load on the atmospheric
environment caused by urban expansion and population
agglomeration, and developed an indicator for identifying
factors responsible for changes of urban air quality (i.e.,
emission vs. meteorological conditions).

2.    Data and methods

2.1    Data

Hourly data recorded by ground stations over 1975–2014
were obtained from the Information Center of China Mete-
orological Administration. After screening for data consis-
tency and completeness, data from 378 stations (Figure 1)
were used.

2.2    Methods

During self-purification in the atmosphere, primary pollu-
tants can partially be chemically converted to fine particles.
Ozone may also be produced. Therefore, chemical conver-
sion is typically not a complete pollutant removal process. A
recent study (Xu et al., 2016) analyzed pollutant removal via
physical processes, proposing that when emissions (source)
and self-purification (sink) proceed simultaneously, pollu-
tant concentration temporal variation in the atmosphere is
described by
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where, t is the time variable and
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In eq. (2), A is the atmospheric environmental coefficient
(A-value, 104 km2 yr−1) representing physical self-purification
of the atmosphere, q (104 t yr−1) is the pollutant emission rate,
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Figure 1            Distribution of ground stations whose data were used.

c (in mg m−3) is average concentration of the pollutant,
S (km2) is the area of the region in question, U (m s−1) is
the sum of the speeds of advection and pseudo-diffusion,
H (m) is thickness of the atmospheric boundary layer (Xu,
1987; Zilitinkevich, 1972) calculated following a Chinese
national standard (GB/T3804-91, Supplement E-E1), vd
(m s−1; value range in Li et al., 1985) is the dry deposition
speed defined as the ratio between dry deposition flux and
concentration (Chamberlain, 1953), and wr (dimensionless;
wr=1.9×10−5 when annual precipitation R is expressed in
mm a−1) is the washout ratio (Xu and Zhu, 1989).
The washout effect of precipitation is represented by the

wet deposition rate vw, and vw=wr×R. On the spatial scale of
cities, airflow is a dominant factor determining the A-value.
When q=0 (absence of pollutant emission), eq. (1) becomes

c c c=  e =  e ,0 0

A
H S

t t
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×

×  (3)

where T H S A= × / is the decay time scale.
Additionally, when S is expressed in m2, A in m2 s−1, and q

in mg s−1, eq. (2) can be rewritten as
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From the latter part of eq. (3), we can write:
U

S
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When the equivalent diameter of the region L (L S= 2 / )
is used as its characteristic dimension, the first term on the left
half of eq. (5) can be rewritten as T U L1/ = /L , where TL rep-
resents a characteristic time (i.e., the time required to travel
a distance of L at velocity U). Let T H v v= / ( + )h d w , where Th

represents another characteristic time (i.e., the time required
to penetrate the thickness of the atmospheric boundary layer
at the sum of the dry and wet deposition speeds). Then, eq.
(5) can be simplified as

T T T
1 = 1 + 1 .

L h
(6)

On the spatial scale of a city, T is mainly determined by
TL. Consequently, the shortest decay time (fastest transport of
pollutants out of the city by advection) is obtained when the
shortest dimension of the city is along the prevailing wind di-
rection. Furthermore, we should also note that an expansion
of a city will enlarge its equivalent diameter and increase the
characteristic decay time for atmospheric pollutants propor-
tionally.
When the removal rate of a pollutant and its emission rate

are in equilibrium, they are equal in magnitude. Thus, in eq.
(1), we let c c= r and t→∞, so the equation becomes

q C A S= × × ,r (7)

where q is the removal rate in the region examined.
We define removal rate density Qd as the removal rate per

unit area:

Q
A C

S
=

×
.d

r (8)

Qd essentially describes the intensity of pollutant gen-
eration and removal of the area source (sink). If region S
includes multiple sub-regions (denoted Si) whose maximum
permissible pollutant concentration in each is ci, then ac-
cording to the Chinese standard (GB/T3840-91), qi in Si is
q A c S S= × × /i i i . Additionally, if each Si has a unique
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A-value but identical Cr, we can similarly write (Xu et al.,
1990):

q A C S S= × × / .i i r i (9)

We used eq. (9) to calculate atmospheric environmental
capacities of S, including multiple Si with different A-values.

3.    Annual removal rates in mainland China at
different recurrence intervals

3.1    Annual average A-value distribution: topography
and applications

Hourly data recorded by the 378 stations (Figure 1) during
1975–2014 were used to calculate hourly, daily, and annual
average A-values. Then, A-values at recurrence intervals 5,
10, 20, 30, and 100 yr were obtained by fitting to a Pearson
type III distribution (Xu et al., 2016).
An A-value at a recurrence interval is defined as follows.

(1) Let the average A-value in an interval A a= . (2) During
sampling of this interval, the probability of occurrence of an
event{ }a ap is denoted as { }p a a p . (3) Then, the recip-

rocal of this probability ( }{T p a a= 1 / p ), representing the
average period between two consecutive events, is defined as
the recurrence interval T. Accordingly, ap is defined as the
A-value at recurrence interval T.
Mainland China is prone to pollution during autumn and

winter, and sustained severe pollution is frequent from
November through February. The A-value distribution was
calculated for this period. For brevity, we show the cli-
matic average A-value distribution (1975–2014; Figure 2a),
A-value distribution at 5-year recurrence interval (Figure 2b),
climate averaged A-value distribution for pollution-prone
seasons (November–February; Figure 2c), and A-value dis-
tribution for pollution-prone seasons at 5-year recurrence
interval (Figure 2d). The following trends were observed
from the results.
First, in most parts of mainland China, the climate aver-

aged A-value was 2–10 (Figure 2a), generally consistent with
data listed in the Chinese standard GB/T3840-91, which was
published in 1991 and drafted based on data recorded over
1950–1980. Nevertheless, there were some departures in a
few regions. A-values >10 were found in southwestern Qing-
hai (Figure 2a), because complete climatologic data were not
available for this plateau region during creation of the stan-
dard. A-values listed in the standard for Xinjiang were greater
than calculated values, for reasons other than technical issues.
Moreover, A-values along a line from the coastal areas to the
south flank of the Nanling Mountains to a large part of Yun-
nan Province were larger than those in the standard, likely
because our study considered dry/wet deposition and the re-
gion has substantial vegetation cover and precipitation. Aside
from these discrepancies, values in Figure 2a generally match
the standard, indicating that climatological conditions (i.e.,
determinants of atmospheric self-purification) had remained

Figure 2            The distribution of A values for different recurrence interval. (a) Climate average, (b) average at 5-year recurrence interval, (c) climate average
during pollution-prone seasons, (d) average at 5-year recurrence interval during pollution-prone seasons).
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stable since the 1950s. Furthermore, the results show that
the A-value as an indicator of atmospheric self-purification is
statistically stable.
Subsequently, by area-weighted averaging, the national av-

erageA-value formainland Chinawas found to be 6.8, and the
annual average at 5-year recurrence interval was 5.9. Then,
regions with values above or below the national average were
regarded as high- and low-value regions, respectively. Low-
value regions, for either climate average (Figure 2a) or 5-year
recurrence interval (Figure 2b), were in southeastern China,
consistent with the relative humidity pattern and population
distribution. This consistency occurred in these regions be-
cause they feature smooth airflow exchange, can readily re-
tain atmospheric moisture and heat, and have abundant veg-
etation. For the pollution-prone seasons (Figure 2c and d),
the national climatic average A-value was 5.4 and the aver-
age value at 5-year interval was 4.5, representing 21% and
24% reductions over averages for the entire year, respectively.
This indicates that to maintain annual average air quality in
autumn andwinter, the permissible emission rate during those
seasons should be reduced proportionally. Furthermore, the
results (Figure 2c) also reveal that densely populated cities
with A-values <6 were locations where severe atmospheric
pollution events were frequent during autumn and winter.
Finally, regions with the weakest atmospheric self-purifi-

cation were in the wind shadow zone on the east side of the
Tibetan Plateau (Figure 2a), including eastern Sichuan, south-
ern Gansu, southern Shaanxi, western Hunan, and western
Hubei provinces. The west side of the hilly areas in south-
eastern China and north side of the Nanling Mountains were
also low A-value regions. For these regions to maintain na-
tional average air quality, their permissible emission rates
must be lower than the national average by at least 50%. In
comparison, high A-value regions (Figure 2a) were along a
line from the Tibetan Plateau to northern Gansu Province, In-
ner Mongolia, and northeast plain. A-values in these regions
were 8–14, larger than the national average by approximately
50% to 100%. Furthermore, high A-value regions with op-
timal economic implications were along the east coast, in-
cluding parts of Guangdong, Guangxi, Zhejiang, Shandong,
and Liaoning provinces. Pollutant removal rates there were
nearly twice the national average. Favorable atmospheric en-
vironment conditions combined with abundant regional re-
sources, these regions possess ideal qualities for economic
development.

3.2    Estimation of annual removal rates at different re-
currence intervals

Removal rates for regions (each with a unique A-value) span-
ning a large area were calculated by eq. (9) using A-val-
ues recorded by ground stations (Ai) and area represented
by each station (Si). The reference annual average maxi-

mum permissible pollutant concentration (Cr) was taken as
100 μg m−3. Table 1 lists the calculated annual removal rates.
When SO2 was selected as the target pollutant and the

permissible annual average concentration in national stan-
dard GB3095-2012 was 60 μg m−3, the climatic average
annual removal rates were (60/100) of the values listed in
Table 1. For this target pollutant, the nationwide climatic
average annual removal rate was determined by 2.169×
107×0.6=1.302×107 t yr−1. Similarly, using annual average
standard concentration limits of several other pollutants
(NO2, NOx, PM10, PM2.5, and NH3), their climate average
environmental capacities and recurrence-interval capacities
were calculated (Table 2). Of these, according to the previous
industry standard HJ/T 2.2-93 (1993), the annual average
concentration threshold for NH3 was selected as 12% of the
once-sampling concentration standard (200 μg m‒3).
Xue et al. (2014) studied the atmospheric environmental

capacities of several major pollutants in mainland China
using multi-source chemical model WRF-CAMx simulation,
combined with optimization of emission reduction under
the constraint of annual average PM2.5 concentrations of
333 cities meeting the national standard (GB3095-2012).
Using hourly data recorded in January, April, July, and
October 2010, They found the nationwide atmospheric
environmental capacities to be 1.36326×107 t yr−1 for SO2,
1.25848×107 t yr−1 for NOx, 6.1904×106 t yr−1 for primary
PM2.5, and 6.2771×106 t yr−1 for NH3. Compared with their
results (obtained considering chemical conversion and the
constraint that secondary pollutants meet the standard), our
calculated capacities (Table 2, climate average) for most
primary pollutants (with the exception of PM2.5) were mod-
erately smaller. This difference appears consistent with the
fact that Xue et al. (2014) considered chemical conversion,
which increased the capacities of some precursor pollutants.
Moreover, different pollutants are associated with different
deposition parameters, but this difference was ignored in our
study because of a lack of accurate data. Nevertheless, in
the calculation of environmental capacities, the contribution
of deposition is typically substantially smaller than that of
atmospheric ventilation. Therefore, the results of the present
study are considered reliable.
Considering the notable difference in economic develop-

ment between eastern and western China, it was necessary
to investigate separately the atmospheric environmental ca-
pacities of eastern China. By simply ignoring data (Table 1)
for western China (Tibet, Gansu, Qinghai, Ningxia, Xinjiang,
Inner Mongolia, Guizhou, and Yunnan), the overall removal
rate for eastern China was calculated at 7.5488×106 t yr−1.
Removal rates in eastern provinces were also calculated (Ta-
ble 3), assuming that pollutant emission in western China
above has no (or negligible) impact on eastern China. Under
this assumption, the overall removal rate of eastern China was
1.2107×107 t yr−1,  or  56%  of  the nationwide value.  More-
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Table 1        Annual atmospheric pollutant removal rates (104 t yr−1) in administrative regions of mainland Chinaa)

Recurrence interval (a) Climate average 5 10 20 30 100

Beijing 3.44 3.11 3.04 2.93 2.77 2.69

Tianjin 3.44 2.99 2.88 2.71 2.46 2.34

Hebei 38.13 34.17 33.39 31.99 29.82 28.93

Shanxi 32.17 28.22 27.43 26.41 24.9 24.12

Inner Mongolia 302.24 276.59 271.32 263.21 251.07 245.66

Liaoning 42.3 39.05 38.15 36.7 34.43 33.46

Jilin 45.42 40.49 39.51 37.83 35.18 34.08

Heilongjiang 104.37 91.12 88.43 84.69 79.12 76.41

Shanghai 1.71 1.51 1.47 1.42 1.35 1.31

Jiangsu 21.42 18.75 18.94 18.15 16.75 17.39

Zhejiang 23.26 21.58 21.26 20.53 19.33 18.98

Anhui 23.74 19.97 19.3 18.08 16.21 15.51

Fujian 18.01 15.8 15.36 14.67 13.65 13.17

Jiangxi 20.9 17.58 16.88 15.93 14.55 13.86

Shandong 49.4 43.76 42.93 40.92 37.65 36.77

Henan 33.44 29.45 28.62 27.39 25.52 24.67

Hubei 24.48 20.85 20.07 19 17.43 16.64

Hunan 27.77 24.71 24.39 23.41 21.83 21.61

Guangdong 57.52 53.86 52.67 51.18 49 47.8

Guangxi 57.59 52.24 50.88 49.15 46.6 45.2

Hainan 15.64 14.23 13.88 13.48 12.94 12.62

Sichuan 72.24 61.37 59.15 56.2 52 49.86

Chongqing 9.21 7.64 7.3 6.87 6.23 5.91

Guizhou 36.08 30.57 29.48 27.83 25.35 24.23

Yunnan 96.96 83.73 81.35 77.18 71.1 68.69

Xizang 313.43 274.56 265.84 254.65 238.21 229.35

Shaanxi 29.28 24.64 23.78 22.44 20.44 19.57

Gansu 89.87 80.36 78.23 75.35 71.12 68.95

Qinghai 192.41 170.78 166.06 160 151.29 146.68

Ningxia 12.85 10.28 9.73 9.09 8.19 7.69

Xinjiang 370.6 319.58 308.76 293.71 271.51 260.79

Total 2169.32 1913.54 1860.48 1783.1 1668 1614.94

a) Reference concentration: 100 μg m−3

Table 2        Atmospheric environmental capacities (104 t yr−1) of SO2, NO2, NOx, PM10, PM2.5 and NH3 in mainland China

Recurrence interval (a) Climate average 5 10 20 30 100

SO2 1302 1148 1116 1070 1001 969

NO2 868 765 744 713 667 646

NOx 1085 957 930 892 834 807

PM10 1519 1339 1302 1248 1168 1130

PM2.5 759 670 651 624 584 565

NH3 521 459 447 428 400 388

over, regional removal rates were increased under this iso-
lated assumption (vs. actual cross-influence conditions). For
example, the removal rate of Hebei Province increased 60%
(from 3.813×105 rise to 6.12×105 t yr−1).

When emission was arranged according to capacities cal-
culated from climatic average removal rates, because annual
average A-values were nearly normally distributed, approxi-
mately half the monitoring stations nationwide would exper-
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Table 3        Removal rates (104 t yr−1) in administrative regions of eastern China (3.74×106 km2), ignoring impacts of pollutant emission from western China

Recurrence interval (a) Climate average 5 10 20 30 100

Beijing 5.52 5.00 4.87 4.70 4.45 4.31

Tianjin 5.52 4.80 4.63 4.35 3.94 3.76

Hebei 61.16 54.80 53.55 51.31 47.82 46.40

Shanxi 51.60 45.26 43.99 42.36 39.94 38.68

Liaoning 67.84 62.62 61.19 58.86 55.22 53.66

Jilin 72.85 64.93 63.37 60.67 56.42 54.66

Heilongjiang 167.39 146.14 141.83 135.83 126.9 122.54

Shanghai 2.74 2.42 2.35 2.28 2.17 2.10

Jiangsu 34.36 30.08 30.38 29.10 26.86 27.88

Zhejiang 37.30 34.60 34.10 32.93 31.00 30.44

Anhui 38.08 32.03 30.95 28.99 26.00 24.88

Fujian 28.88 25.35 24.63 23.53 21.88 21.12

Jiangxi 33.53 28.19 27.07 25.55 23.33 22.22

Shandong 79.22 70.19 68.86 65.63 60.38 58.97

Henan 53.63 47.23 45.9 43.92 40.93 39.57

Hubei 39.26 33.44 32.18 30.48 27.96 26.69

Hunan 44.54 39.62 39.12 37.54 35.01 34.66

Guangdong 92.26 86.38 84.48 82.09 78.59 76.66

Guangxi 92.37 83.78 81.61 78.82 74.74 72.49

Hainan 25.08 22.82 22.26 21.63 20.76 20.24

Sichuan 115.85 98.42 94.87 90.14 83.40 79.97

Chongqing 14.77 12.25 11.70 11.02 9.99 9.48

Shaanxi 46.96 39.52 38.14 35.99 32.79 31.39

Total 1210.70 1069.9 1042.00 997.72 930.48 902.77

ience the events, i.e., annual average pollutant concentrations
exceeding the standard limits. The recurrence-interval re-
moval rates in Table 3 were calculated following the Pearson
III type frequency distribution. In comparison, when capac-
ities were calculated using removal rates at recurrence inter-
vals 5, 30, and 100 yr, 20%, 3.3%, and 1% of the stations
would have these events, respectively.
We also calculated annual removal rates per km2, climatic

averages, and at recurrence intervals 5–30 yr (Figure 3). Re-
sults showed that, in most of mainland China, 1–3 t of atmo-
spheric pollutants could be removed over 1 km2 of land. In
the coastal region and western China, at least 2–4 t of pol-
lutants could be removed over 1 km2. In our calculations,
mainland China was taken as the overall region, and the area
of each sub-region was set to 1 km2. Because the sub-re-
gions in eq. (9) are additive, the removal rate for a region
can be determined simply by multiplying its area with the lo-
cal removal rate per km2 (shown in Figure 3a). For example,
for a 2×104 km2 region near Beijing, the climatic average re-
moval rate is estimated at 6×104 t yr−1, and the removal rate
at 30-year recurrence interval is about 3–4×104 t yr−1. There-
fore, data depicted in Figure 3a–d provide guideline informa-

tion supporting regional planning of emission sources.

4.    Estimation of daily removal rates at various
recurrence intervals

Daily average A-values at recurrence intervals 7, 10, 20, 30,
and 100 d were calculated similarly (Figure 3a–d). These
results can be used to estimate daily removal rates and re-
moval rate densities at various recurrence intervals, configure
low-altitude emission sources, and control air quality under
stable atmospheric conditions according to recurrence inter-
val.

4.1    Distribution of daily averageA-values at different re-
currence intervals: topography and applications

Daily average A-values usually follow a positively skewed
distribution (Xu et al., 2016). As a result, when the recurrence
interval was prolonged, A-values in most regions of mainland
China decreased rapidly. The decrease was relatively slow
along the south coast of Guangdong and Guangxi provinces,
because a lots of share of the atmospheric environmental ca-
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Figure 3            Annual removal rates at different recurrence interval (t km–2 a–1). (a) Cimate average, (b) 5-year recurrence interval, (c) 10-year recurrence interval,
(d) 30-year recurrence interval.

pacity in this region was attributed to dry and wet deposition.
For this region, the left slope of the A-value distribution curve
was flatter compared with areas in north China. Therefore, in
this region, the A-value for a long recurrence interval (low
probability) was greater than its counterpart value in north-
ern China. For example (Figure 4c), the A-value at 30-day
recurrence interval was 0.5–1 in Beijing, compared with 4–5
at the southern Guangdong-Guangxi coast, indicating that the
latter has at least a 4-fold greater atmospheric environmental
capacity than the former.
Averaged nationwide, A-values at recurrence intervals 7,

10, 20, 30, and 100 d were 36%, 26%, 15%, 13%, and 5%
of climatic averages, respectively, as summarized in Table
4. Moreover (Figure 4b–d), A-values at recurrence inter-
vals >20 d were largely <1.5, corresponding to atmospheric
boundary layer thicknesses ~200 m or less. In this case, the
atmospheric environmental capacity is dominated by A-val-
ues for low probability events, and may be used most effec-
tively for managing low-altitude emission sources. During a
low A-value (i.e., low-probability event) period, the capacity
is typically controlled by the thickness of the stable bound-
ary layer, and only low-altitude sources in the boundary layer
affect air quality. In contrast, smoke plumes emitted from
high-altitude sources are primarily above the stable boundary
layer (i.e., residual layer) (Stull, 1988) and thus have only
weak effects on the air below. The standard GB/T3840-91
requires that emissions from low-altitude sources account for
0.15–0.25 of total emission. It interesting that this range is

similar to the ratios between daily average A-values at the
above recurrence intervals and climate average values.
A small daily average A-value (low-probability event) oc-

curs under light-wind or calm conditions. In this case, the
effect of cross-regional airflows on the stable boundary layer
is negligible, and removal rates for relatively isolated regions
(cities) can be calculated by eq. (7) while ignoring large-
scale, inter-regional interactions. In calculating atmospheric
environmental capacities for a specific pollutant from its daily
removal rates at various recurrence intervals, the daily stan-
dard average concentration limit should be used.

4.2    Estimation of daily removal rates at various recur-
rence intervals

Daily average A-values at different recurrence intervals were
calculated for cities in mainland China by fitting to the Pear-
son type III distribution. Then, based on area percentages rel-
ative to their home provinces, removal rates (Table 4) of all
mainland administrative regions were calculated via eq. (7)
(Cr=100 μg m–3).
Annualized daily removal rates of the regions (Table 4)

were dependent on their local A-value distributions and terri-
torial areas. In environmental planning, if regional emissions
were regulated according to atmospheric environmental ca-
pacities in Table 1 or 3, and low-altitude emissions accord-
ing to Table 4, air quality changes could theoretically be con-
trolled through probability. For example, when low-altitude
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Figure 4            Distribution of daily average A-values at different recurrence interval. (a) 10-day recurrence interval, (b) 20-day recurrence interval, (c) 30-day
recurrence interval, (d) 100-day recurrence interval.

emission sources are planned based on annualized daily re-
moval rates at 7- and 100-day recurrence rates, air quality
can generally meet the national standard 313 and 361 d each
year, respectively. When total emission is controlled follow-
ing Table 1 or 3 and low-altitude emission sources are not
regulated according to Table 4, annual average air quality
and the summer and spring qualities could theoretically be
improved, whereas these qualities would not be improved ef-
fectively during the pollution-prone seasons.

4.3    Analyses of daily removal rate densities at various
recurrence intervals

The removal rate density as defined in eq. (8) essentially de-
scribes the intensity of an pollution area source (or sink). As-
suming that all low-altitude emission sources across main-
land China could be modeled as one area source, daily re-
moval rate densities at various recurrence intervals were cal-
culated. The results are given in Table 5. However, this as-
sumption is probably inappropriate. More reasonably, only
built-up areas of a city (or urban agglomeration) may be ap-
propriately regarded as emission area sources or unorganized
emission sources. Therefore, we further analyzed the con-
straint of daily removal rates at different recurrent intervals
on the size and change of built-up urban areas.
The size distribution of built-up urban areas of cities in

mainland China were obtained from the China City Statisti-
cal Yearbook 2014. The distribution curve shows a peak at
20 km2 (small and medium cities), another at 300 km2 (large

cities), and a minimum at 100 km2 (Figure 5). Calculation
of the reference removal rate densities suggests that for
100 km2 as the reference area (Sr), acceptable air quality was
ensured for most small and medium cities. Removal rates and
densities for large cities were calculated from The following
formula eq. (10) and their actual built area S. Figure 6a–d
depict the distribution of removal rate densities at different
recurrence intervals calculated at Sr=100 km2. According
to eq. (8), when A and Cr remain constant, the removal
rate density for S (denoted Qds) can be converted from the
removal rate density (Qd) given in Figure 6a–d by

Q Q S S= × / .d rds (10)

Calculations predicted that for a city ~100 km2 in size,
when it is regulated requiring that the low-altitude emission
density not exceed removal densities at 10- or 100-day
recurrence intervals (Figure 6a and d), it would have pol-
lutant concentrations exceeding permissible levels on <37
or 3–4 d each year, respectively. Cities with built-up areas
substantially larger than 100 km2 were treated otherwise,
as described below by the example of Beijing (built-up
area S=1300 km2). We calculated the removal rate density
for PM2.5 at 30-day recurrence interval. The permissible
daily average PM2.5 concentration (Grade 2 air quality
standard) was selected as Cs=75 μg m−3. It was observed
(Figure 6c) that the removal rate density for Beijing was
5–10 kg h−1 km−2, and the average (Qd=7.5 kg h−1 km−2) was
used for calculation. The removal rate density for PM2.5

(Qdpm2.5) was thus calculated from eq. (10):
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Table 4        Annualized daily removal rates (104 t yr–1) of administrative regions of mainland China at different recurrence intervalsa)

Recurrence interval (d) 7 10 20 30 100

Beijing 1.03 0.74 0.41 0.35 0.10

Tianjin 1.54 1.13 0.60 0.45 0.11

Hebei 12.54 9.22 5.28 4.63 1.42

Shanxi 9.80 7.07 3.90 3.39 0.93

Inner Mongolia 131.37 95.72 50.58 35.81 9.50

Liaoning 21.06 15.88 8.96 6.89 2.19

Jilin 17.15 12.27 6.37 4.32 1.21

Heilongjiang 37.26 26.55 13.79 13.23 2.66

Shanghai 0.81 0.66 0.46 0.41 0.20

Jiangsu 8.51 6.56 4.12 3.60 1.39

Zhejiang 11.56 9.05 5.50 4.44 1.45

Anhui 8.02 5.91 3.38 2.86 0.94

Fujian 6.36 4.86 3.01 2.67 0.99

Jiangxi 5.60 4.12 2.44 1.98 0.77

Shandong 22.73 17.65 10.89 9.94 3.23

Henan 10.92 7.92 4.38 3.83 1.06

Hubei 6.86 5.08 3.05 2.49 1.00

Hunan 7.50 5.46 3.14 2.57 0.89

Guangdong 34.44 31.47 27.71 25.68 22.38

Guangxi 29.33 26.25 22.54 20.89 17.91

Hainan 9.47 8.53 7.26 6.71 5.41

Sichuan 20.98 15.36 8.67 6.25 2.19

Chongqing 1.97 1.39 0.77 0.61 0.19

Guizhou 10.83 7.87 4.39 3.34 1.07

Yunnan 38.87 31.46 22.70 20.62 13.5

Tibet 109.45 72.70 30.80 30.06 3.66

Shaanxi 8.01 5.60 2.92 2.52 0.64

Gansu 27.01 19.25 10.35 9.07 2.26

Qinghai 70.63 50.75 26.65 20.35 5.53

Ningxia 3.73 2.59 1.33 1.15 0.26

Xinjiang 85.16 57.77 28.68 23.25 5.94

Total 770.50 566.84 325.03 274.36 110.98

Relative ratio to total
climate average 0.36 0.26 0.15 0.126 0.05

a) Annualized daily removal rate=365×daily removal rate. Relative ratio to Total climate average 2.17×107 t yr−1 (Table 1)

Table 5        Nationwide average daily removal densities of mainland China at different recurrence intervals

Recurrence interval (d) 7 10 20 30 100

Nationwide removal rate (104 t yr−1) 770.5 566.84 325.03 274.36 110.98

Nationwide removal rate density (kg h−1 km2) 0.091526 0.067334 0.03861 0.032591 0.013183

( )Q Q S S C C= × / × /

= 7.5 × 100 / 1300 × 75
100

= 1.56 kg h  km .

d r s r

2

dpm2.5

1

Calculation also predicted that if the built-up area of Bei-

jing expands from 100 to 1300 km2, the removal rate density
would decline by 72.3%. This example indicates that in the
case of built-up area expansion, to prevent deterioration of air
quality, unorganized emission density must be reduced pro-
portionally following eq. (10) to match the reduced removal
rate  density.  This may  be done  by controlling  vehicle and
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Figure 5            Frequency distribution of sizes of built-up areas of cities in main-
land China.

population densities. Without such practices, the PM2.5 con-
centration in Beijing would increase 3.6-fold after expansion.

5.    Relationship between urban population
density and atmospheric environment

5.1    Atmospheric environmental load vs. urban popula-
tion density

Low climate average A-values (Figure 2a) were in densely
populated regions. Economic effects followed population en-
richment results to increase “agglomeration effects”, leading
to further population concentration and creating an escalat-
ing environmental load on the atmosphere. To quantitatively

investigate the regional distribution of atmospheric environ-
mental load in relation to local population, we defined an ur-
ban atmospheric load index as follows.
First, assuming that emissions from an urban unorganized

source are proportional to population size, we can write
q P= ×i i i, where Pi is local population size and i the
average emission per capita. According to eq. (7), under
source-sink balance, the pollutant concentration in city i
is ( ) ( )C q A S P A S= / × = × / ×i i i i i i i i . Second, we
conceptualized a “reference” city with average (of all i cities
in the region of interest) population size P , area S , A-value
A , and emission per capita . Then, the ratio between the
pollutant concentration in a city of this region and that in the
city was defined as the urban atmospheric load index of city
i:

I
C
C

P
P

A
A

S
S

= = × × × .i
i i i

i i
(11)

Figure 7 shows the distribution of population densities in
cities of mainland China, calculated from data in China City
Statistical Yearbook 2014. As of 2014, the nationwide aver-
age population density was 139 residents per km2. Figure 8
shows the distribution of the index Ii across mainland China
in winter, calculated using identical i Comparison of Fig-
ures 7 and 8 reveals that although the population density in
the Sichuan Basin was not the highest in the country, it had
the largest Ii, because it had the smallest A-values in mainland
China. Consequently, improving the air quality in this region

Figure 6            Distribution of hourly average reference removal rate densities at different recurrence interval (kg h−1 km−2). (a) 10-day recurrence interval, (b)
20-day recurrence interval, (c) 30-day recurrence interval, (d) 100-day recurrence interval.
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Figure 7            Distribution of population density (people km−2).

Figure 8            Distribution of urban atmospheric load indexes in winter.

is a challenging task that should be achieved by reducing re-
gional i values according to the local population and A-val-
ues, as suggested by eq. (11). Large Ii also appeared in the
Yangtze and Pearl river deltas. This was primarily because
of their high population densities, as indicated by above-av-
erage A-values (A A/ 1i ; Figure 2a) there. Accordingly,
air quality control for these regions should aim to reduce the
density of low-altitude emission sources. Moreover, the re-
sults show that in the region covering the Huang-Huai val-
leys and North China Plain, the impact of population density
on the atmospheric environment was weaker than that on the
Yangtze and Pearl river deltas. Thus, in case of severe pollu-
tion in that region, the cause can only be traced to strong local
emissions per capita ( >i ). In fact, all large-index regions
are considered pollution-prone. Western China had relatively
low population densities (Ii<1), and air quality management
in this large region should be quite feasible provided that the
emission per capita does not greatly exceed the national av-
erage.

5.2    Impact of population concentration in built-up ur-
ban area on atmospheric environment

Given the current national population distribution, the
impacts of hypothetical cities’ dimension change on the
atmospheric environment were simulated assuming that the

current population of each city/town and emission rate per
capita remain constant, and that the pollutant concentration
has reached the reference level (100 μg m−3; i.e., Ii=1). Four
combinations of scenarios were simulated, i.e., all cities of ≥3
or ≥1 million local population were rescaled to give a density
of 5000 or 10000 people km−2 (Wu et al., 2006; Dong and
Wei, 2009). Ii for these scenarios were calculated from eq.
(11) (Figure 9a–d). After these hypothetical changes, regions
originally having high population densities were predicted
to experience minor changes. In contrast, originally lightly
populated regions (western China, Yunnan-Guizhou Plateau,
and Guangxi-Hunan border) were expected to become new
highly polluted areas, with Ii several-fold higher than the
reference value. These results suggest that if urban develop-
ment involves further population concentration, appropriate
measures (i.e., reducing low-altitude emission rate) must be
planned to prevent elevation of Ii.
Additionally, following eq. (11), when a city undergoes

changes in dimension and population size, Ii can be calculated
by eq. (12) using A-values at various recurrence intervals:

I
I

C
C

P
P

A
A

S
S

= = × × × ,2

1

2

1

2

1

2

1

1

2

1

2

(12)

where subscript 1 denotes quantities before the change, and
2 after.
If the city undergoes population concentration while Ii,

A-values and population size remain constant, from eq. (12)
we can write

S S= × / ,2 1 2 1 (13)

where S1 and S2 are residential areas before and after the pop-
ulation concentration, respectively. Eq. (13) indicates that
under the above requirements, the emission rate per capita
should be reduced by a factor of S S/2 1 .
From eq. (12), the change of emission rate per capita (de-

noted Ie) for a city can be expressed by

I
P
P

C
C

A
A

S
S

= = × × × .e
2

1

1

2

2

1

2

1

2

1

(14)

When the urban dimension and population size of the city
remain constant, eq. (14) becomes

I
C
C

A
A

= × ,e
2

1

2

1
(15)

where the C- and A-values are averages from data recorded
over the same period. Ie can be used to differentiate whether
variation of pollutant concentrations in the atmosphere is pri-
marily attributed to changes in emission rate or meteorolog-
ical conditions. More specifically, Ie≈1 indicates variation
caused predominantly by changes in atmospheric self-purifi-
cation rate (effect of emission rate change is negligible). Ie<1
indicates variation caused by decreased emission rate, and
Ie>1 indicates variation caused by increased emission rate.
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Figure 9            Distribution of urban atmospheric load indexes for different scenarios. (a) All regions of ≥3 million people are rescaled to 5000 people km−2, (b)
all regions of ≥3 million people are rescaled to 10000 people km−2, (c) all regions of ≥1 million people are rescaled to 5000 people km−2, (d) all regions of ≥1
million people are rescaled to 10000 people km−2.

6.    Discussion and conclusions

Under 100 μg m−3 reference pollutant concentration, the cli-
matologically controlled removal rate of mainland China was
found to be ~2.169×107 t yr−1, and removal rates at 5–100 yr
recurrence intervals were 1.913×107–1.615×107 t yr−1. Na-
tionwide, annualized removal rates at 10, 20, 30, and 100-day
recurrence intervals in the stable boundary layer were 26%,
15%, 12.6%, and 5% of total annual removal rates, respec-
tively. Corresponding atmospheric environmental capacities
for target pollutants can be used to regulate low-altitude emis-
sion sources.
In urban planning, setting the smallest dimension of a city

along the prevailing wind direction can effectively improve
atmospheric transport/removal of pollutants, attaining maxi-
mum self-purification.
Urban expansion is accompanied by loss of removal rate

density; if the built-up area is expanded from S1 to S2 and
air quality is required to remain constant, the emission rate
density of low-altitude emission sources should be reduced
by a factor of S S/1 2 .
During urbanization, increasing population density aug-

ments the emission rate density. However, to prevent air
quality deterioration in the face of increased population
density, Ii before and after the density change should be cal-
culated, and measures must be adopted to prevent increase of
the index. For example, if population size remains constant

and residential area shrinks from S1 to S2, the emission rate
per capita should be reduced by a factor of S S/2 1 .
In interpreting changes of emission rate based on moni-

tored pollutant concentrations, meteorological factors should
be considered. For this purpose, change of emission rate per
capita (Ie), as defined in eq. (15), may be used as an indicator.
A number of parameters were incorporated in calculations

of A-values and removal rates, such as atmospheric boundary
layer thickness, washout ratio, and dry deposition speed. Of
these, boundary layer thickness appeared to be a critical in de-
termining atmospheric environmental quality. With advanc-
ing field measurements and experimental studies, progres-
sive improvement is expected for characterizing that thick-
ness. Monitored data for various pollutants, cross-validation
of data from various locations, and optimized deposition pa-
rameters may be incorporated in analyses to improve the ac-
curacy of results and generate more valuable information for
a region of interest.
Finally, for more complete estimation of atmospheric

environmental capacities considering chemical conversion
processes, the approach reported herein may be used to
calculate an initial precursor distribution field. Subsequently,
multi-source chemical-conversion modeling coupled to
optimization methods including constraints (e.g., mini-
mum increment/decrement, permissible secondary pollutant
concentration) may be used to determine a more accurate
capacity with consideration of secondary pollution.
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