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[1] The Chinese Gridded Pesticide Emission and Residue Model was applied to simulate
long-term environmental fate of a-hexachlorocyclohexane (HCH) in Asia spanning 1948
to 2008. The simulation identifies the southern Tibetan Plateau and the margin of the Asian
monsoon regime from the northeast area of the Tibetan Plateau to the Northeast China as
sink areas. This spatial pattern of sink distribution is closely related to the summer
monsoon activities in Asia. Wet deposition associated with the summer monsoon (June to
August) is responsible for at least half of the a-HCH mass entering into the sink areas.
After deposition, relatively low temperature and high soil organic matter in the sink areas
are favorable for a-HCH detention. Chinese and Indian sources are the major contributors
to a-HCH contamination over the monsoon margin and the Tibetan Plateau, driven by the
East Asian summer monsoon and South Asian summer monsoon, respectively.
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1. Introduction

[2] The fate of persistent organic pollutants (POPs) is
a global concern. Many studies combined knowledge
of source emission rates with the quantification of
environmental reservoirs and sink fluxes to illustrate their
environmental transport behaviors [Lohmann et al., 2007].
The migration of POPs from source to sink largely depends
on atmospheric transport and deposition, which is sensitive
to temperature, precipitation, wind field, oceanic current,
and land cover characteristics [Ma and Cao, 2010; Lamon
et al., 2009]. The climate in Asia is characterized by South
and East Asian monsoon, the largest seasonal abnormality
of the global climate system accompanied by huge water
vapor transport and latent heat release [Ueda et al., 2003].
This monsoon system could not only affect volatilization,
degradation, wet deposition, and runoff processes of POPs
but also provide an effective pathway to deliver airborne
pollutants [Tian et al., 2009b].

[3] Knowledge in the source-sink relationship of POPs
in Asia and its association with the Asian monsoon is of
critical importance to understand their regional dynamics
and global budget. Countries in this region were large
producers and consumers of some POPs, such as technical
HCH (hexachlorocyclohexane) [Li, 1999a; Li and Macdonald,
2005]. It has been estimated that the historical usage in
China and India was 4464 and 1057 kt, ranking as the top
two countries with the highest technical HCH use in the
globe [Li, 1999a; Li and Macdonald, 2005]. China
prohibited technical HCH usage in 1983, whereas India
and other Asian countries restricted or banned the substance
since the 1990s [Li and Macdonald, 2005]. Although the
legal use of technical HCH has been discontinued for a
long period of time in these countries and regions, the
environmental residues of HCH isomers are still high
[Liu et al., 2009; Zhang et al., 2008]. Technical HCH
contains mainly five isomers: a-HCH (53–70%), b-HCH
(3–14%), g-HCH (11–18%), d-HCH (6–10%), and e-HCH
(3–5%). Due to the adverse effects on human health and
ecosystem, three of them (a-HCH, b-HCH, and g-HCH)
were added to Annex A of the Stockholm Convention on
POPs with no exemptions for ongoing production in 2009.
Among the five isomers, a-HCH is commonly selected as
a representative to investigate the environmental fate of
POPs due to its strong long-range atmospheric transport
potential and well-documented measurement data. A number
of monitoring campaigns have demonstrated that a-HCH in
Asia can be transported to the Arctic and North America via
atmospheric movement [Bailey et al., 2000; Primbs et al.,
2008; Xiao et al., 2010], and recent studies have linked its
atmospheric transport and deposition to seasonal monsoon
systems [Kang et al., 2009; Tian et al., 2009b].
[4] Soil is a more suitable environmental matrix to explore

the long-term environmental behavior of a persistent chemical
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because it is a nonfloating (or low floating) and principal storage
medium for POPs [Wöhrnschimmel et al., 2012]. With the help
of a well-established multimedia model, the environmental fate
of POPs in the soil compartment can be well explored [Gong
et al., 2007; Wöhrnschimmel et al., 2012]. Due to historical
usage, Asia was previously considered as a source rather than
a sink [Wania and Mackay, 1999; Toose et al., 2004]. Little
work has addressed the influence of monsoon [Tian et al.,
2011]. In the present study, the Chinese Gridded Pesticide
Emission and Residue Model (ChnGPERM) was applied to
(i) identify the potential source and sink regions of a-HCH
in Asian soils, (ii) explore the causes of sink formation,
and (iii) assess the association between sink formation
subjected to China and India sources and monsoon system.

2. Materials and Methods

2.1. Model and Model Input

[5] The ChnGPERM applied in this study is a gridded
mass balance model developed to simulate transport and
transfer of pesticides in Asia. Details of this model and the
input data have been described elsewhere [Tian et al., 2009a;
Tian et al., 2011]. The soil compartment is categorized into
four types: cropland, forestry, grassland, and uncultured land.
[6] The model domain spans from 0�N to 60�N and from

50�E to 150�E with a horizontal resolution of 14
� �1

4
� latitude/

longitude. Based on previous work [Li, 1999b], the a-HCH
inventory from 1948 to 1999 with the same horizontal
resolution has been developed [Tian et al., 2011]. Accumulated
technical HCH usage until 1999 in the model domain
is presented in Figure S1 in the auxiliary material. As
Figure S1 illustrates, large amounts of technical HCH were
applied mainly over southeast China and India. China was
the major contributor of total HCH usage before the
1980s. From the 1980s to 1990s, Indian usage became
significant (see Figure S2 in the auxiliary material). Table S1
in the auxiliary material lists the physicochemical properties
of a-HCH used in the modeling investigation.
[7] The linearity of the governing equations of the model

enables us to quantify the relative contribution of different
source regions of a-HCH to its burden in receptors. To do so,
numerical simulations have been performed for three model sce-
narios accounting for different sources as adopted in a previous
study [Tian et al., 2011]. These three scenarios were (1) all the
sources over the model domain (scenario 1), (2) China sources
only (scenario 2), and (3) India sources only (scenario 3).
[8] Since mass exchange of a-HCH between different

model grid cells was only accomplished by atmospheric
transport and deposition in the model, the net loading due to
atmospheric movement can reflect geographical source-sink
distribution of the pesticide. The mass conservation of the
model (see the next subsection) can be used to distinguish
source and sink regions of a-HCH in the model domain
[Tian et al., 2011]. The mass balance from 1948 to the nth
year within each grid cell (i) can be written asXn

1948

flowi ¼
Xn
1948

Ui � Rei
n �

Xn
1948

Di �
Xn
1948

Li (1)

[9]
Xn
1948

flowi is the net mass flow due to atmospheric input

and output; Rei
n,
Xn
1948

Ui,
Xn
1948

Di, and
Xn
1948

Li are the mass of

a-HCH due to soil residue, the accumulated usage, and
the losses by degradation and leaching in the soil within

each grid, respectively. Positive
Xn
1948

flowi represents the

net input, suggesting the net inflow to the grid cell due
to atmospheric transport and deposition, and negativeXn
1948

flowi indicates the net outflow from the grid cell.

[10] A fugacity method developed by Harner et al. [Harner
et al., 2001; Tian et al., 2012] was used to assess the
response of a-HCH degradation, deposition, and reemission
to environmental factors.

2.2. Model Evaluation

[11] Figure S3 in the auxiliary material shows the overall
mass balance of the pesticide over the model domain for the
entire 61 year modeling integration. The total mass of usage
during 1948–1999, the residues in 2008, and the accumulated
degradation, soil leaching, and air advection from 1948 to
2008 were 4.06� 109, 1.73� 107, 3.76� 109, 1.12� 107,
and 1.87� 108 kg, respectively. The latter four terms were
summed and compared with the total usage to assess the
mass conservation of the model. The relative error of the
comparison is ~2% (see Figure S3). This indicates that
the model achieved well the mass conservation.
[12] The model performance was also evaluated by

comparing the observed soil concentrations to simulated
values and a peat core record to modeled deposition fluxes
derived from model scenario 1. Historical soil concentrations
across the model domain from 1979 to 2008 collected from
literatures and corresponding modeled values were listed in
Table S2 in the auxiliary material. Surface soil (0–10 cm)
samples were generally taken around small areas. Therefore,
the monitored concentrations were obtained from arithmetical
mean values in soil samples, and the modeled concentrations
used soil concentrations in the third soil layer (from 1.1 to
21.1 cm) [Tian et al., 2011]. The simulated concentrations
are generally comparable to those monitored values
(Figure S4 in the auxiliary material). The Pearson correlation
coefficient was 0.81 (p< 0.01) for the paired data set,
suggesting that the mean soil concentration distribution
pattern is well captured by the model. In addition, the
monitored to modeled mean values in Table S2 ranged from
0.02 to 9.6, with an average of 1.4. It indicated that the two
sets of data were mostly in the same order of magnitude.
[13] A monitoring campaign has been conducted to

reconstruct the historical records of a-HCH in a peat core from
Zoigê-Hongyuan, Tibetan Plateau, China (32�46.7740N,
102�30.9640E; 3510m above sea level), a remote site located
on the eastern edge of the Tibetan Plateau. Due to high organic
carbon content, the peat core achieved long-term settling of
a-HCH. Since peat cores represent an almost ideal medium
for recording temporal changes in organic contaminant
deposition rates [Rapaport and Eisenreich, 1988], the
modeled deposition flux was compared with peat core
recorded data. After deducting a-HCH volatilization from
the soil, the modeled annual atmospheric depositions at a
grid most adjacent to the sampling site were compared with
the peat core observations (Figure S5 in the auxiliary
material). Overall, the modeled depositions to a large extent
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reproduce the temporal trend of peat core recorded a-HCH
(Pearson correlation coefficient r= 0.80; p< 0.01), while in
some cases (from the late 1960s to the 1970s), the modeled
values show a lag to the concentration recorded in the peat
core. High concentrations in the peat core occurred earlier
than the corresponding elevated modeled values. It was
possibly due to the downward leaching process.

2.3. Monsoon Index and Monsoon Margin

[14] To quantify the seasonal variation of East and South
Asia monsoon, a unified dynamical index of monsoon
(MI) was calculated following [Li and Zeng, 2002]

d ¼
�V 1 � Vik k

�Vk k � 2 (2)

where �V 1 and Vi are the January climatological and monthly
wind vectors at a grid and �V is the mean of the January and
July climatological wind vectors at the same grid. The norm

‖A‖ is defined as Ak k ¼
Z Z

s
Aj j2d S

� �1
2

, where S denotes

the domain of integration. In themodel domain, d> 0 represents
summermonsoon. The monthly averagemonsoon index in the
monsoon sectors of East Asia (112.5–125�E, 25–42.5�N) and
South Asia (72.5–90�E, 8–27.5�N)was calculated to represent
East and South Asia monsoon, respectively.
[15] Monsoon activities also exhibit annual and spatial

variations. To outline the monsoon-dominated areas, the
concept of monsoon margin was introduced in many studies
[Li et al., 2012; Zhao and Yu, 2012]. Monsoonal margin is a
broad transitional zone representing the most northern areas
where a monsoon regime can extend to. Shi [1996] defined
the monsoon margin as an area with annual precipitation that
ranged from 200mm to 450mm. Here we further constrained
the areas in a temperate monsoon region (the rainfall from
June to August exceeds 50% of the annual precipitation), in
order to exclude some areas with temperate continental
climate. Due to the annual variation of the monsoon margin,
the probability of the margin at each grid can be presented
by the frequency of the margin that occurred at a grid during
the modeling period (Figure S6 in the auxiliary material).

3. Results and Discussions

3.1. Soil Concentrations and Sink Distribution

[16] Figure S7 in the auxiliary material presents the annual
average of modeled soil concentrations of a-HCH in 1960,

1983, 1996, and 2008, respectively. During the application
period of technical HCH, a-HCH soil residues were higher
in southeast China and other source regions (see Figure
S1) than in those nonsource areas over the model domain,
indicating that fresh emission of a-HCH dominated the
spatial and temporal pattern of soil residues (see the soil
residues in 1960 and 1983 shown in Figure S7). After the
ban of technical HCH in the model domain, the spatial
distribution of a-HCH soil residues changed substantially.
The soil burden in some nonsource areas was comparable
with, or even higher than, that in source regions where a
large amount of technical HCH was used.
[17] In order to identify the sink distribution, the accumu-

lated net mass of a-HCH among different model grid cells
due to atmospheric input and output from 1948 to 1960X1960

1948

flowi

 !
and to 2008

X2008
1948

flowi

 !
was calculated using

equation (1). The results are illustrated in Figure 1. Figure 1a
shows that the region extending from Northeast China
(referred to as the northern sink) was the major sink when
the usage was low in India (see Figure S2) before 1960.
Although the southern areas in the model domain were
generally characterized as sources, the Tibetan Plateau
was not marked as a sink area before 1960 because of the
low use of the substance in India (see Figure S2). After
the 1970s, the source/sink distribution pattern remained
almost the same as the pattern in 2008 (see Figure 1b),
in which the southern Tibetan Plateau became another
sink region in the plateau (the red areas in Figure 1b). As
the atmosphere is a major pathway to transport a-HCH in
the model, the development of a sink region indicates
favorable transport pathways from source regions to the
sink through reemission and deposition as well as other
environmental factors influencing the fate of a-HCH in the
sink regions.

3.2. Monsoon-Associated Sink Formation

3.2.1. General Comments
[18] Sink formation has been linked to the deposition,

volatilization, and degradation processes, which are commonly
determined by environmental factors [Lohmann et al.,
2007] such as wind, precipitation, temperature, and soil
organic carbon (SOC). The connection between each
process and environmental factor has been documented
(Figure S8 in the auxiliary material). Wet deposition of
a-HCH was generally enhanced by monsoon precipitation

a b

Figure 1. The net mass flow (unit: ton/cell) according to the mass balance at each grid until (a) 1960 and
(b) 2008.

XU ET AL.: INFLUENCE OF MONSOON ON a-HCH IN ASIA

3



[Ramesh et al., 1989] and increased significantly at lower
temperature [Wania and Haugen, 1999]. On the other
hand, volatilization can be reduced with low temperature
[Bethan et al., 2001] and high SOC [Nam et al., 2008].
According to the Arrhenius equation, slower degradation
will take place at lower temperatures. Having those taken into
account, we assumed that a sink could be formed in those
areas where deposition is high and emission and degradation
are low. That is, a sink can be formed under relatively higher
precipitation and SOC and lower temperatures.
[19] Changes in wind field, precipitation, temperature,

and SOC (via long-term response to changes in vegetation
[Fang et al., 1999]) in the model domain have been found
to be all related to Asian monsoon. Those regions beyond
the monsoon region are under relatively cold and dry cli-
mate conditions where atmospheric transport is weak during
the monsoon season [Sato, 2009]. The monsoon region is
characterized by heavy seasonal precipitation and strong
thermal atmospheric circulation. The latter leads to higher
temperature and forms an effective northward atmospheric
transport pathway [Tian et al., 2011]. As noted before, high
rainfall and low temperature are favorable for sink
formation. Therefore, between monsoon and nonmonsoon
regions, there likely exists an area where major environmental
factors may favor sink formation. We found that there was
an ~60% overlap between the monsoon margin and sink
areas (Figure 2). The sink region was resided in the southern
side of the monsoon margin, suggesting the sink formation
processes could be associated with those environmental
factors within the monsoon areas. Large discrepancy only
occurred in the Tibetan Plateau, where a large slope of up
to 5000m in the altitude (the Greater Himalayas) could
result in more strong deposition of POPs from the atmosphere
to the surface by mountain cold trapping effect [Wania and
Westgate, 2008].
3.2.2. Precipitation
[20] Our results have shown that the modeled soil residues

of a-HCH correlated well with (Pearson correlation coefficient:
0.6–0.7) its accumulated deposition amount. In this study,
the modeled wet and dry deposition fluxes are illustrated
in Figure S9 in the auxiliary material. Wet deposition
contributed to a significant part of the net mass input of
a-HCH. Precipitation mainly influences the wet deposition
process. If the monthly wet deposition fluxes were standard-
ized by their annual average, the correlation coefficient

between standardized wet deposition and monthly precipitation
was generally>0.6 over the monsoon region (Figure S10 in
the auxiliary material). Temporally, accumulated dry and
wet depositions of a-HCH from June to August accounted
for 47.3% and 52.2% of the annual total deposition fluxes
in the sink areas, respectively, although the summer
monsoon only extends for several months. This implies that
the summer monsoon season is an important period for the
annual deposition. Geographically, atmospheric a-HCH
mainly deposited to monsoon regions (Figure S9) where
annual rainfall> 400mm (Figure S11 in the auxiliary
material). Before the prohibition in the 1980s, the atmospheric
a-HCH deposited primarily to the source areas in the model
domain, the Northeast China, and the Tibetan Plateau. After
the 1980s, the areas with high atmospheric deposition were
still located within the monsoon Asia, especially 105�E
(the orange areas in Figure S9, 2000, right panel) which
delineates the South and East Asian monsoon regions
[Wang et al., 2003]. As a result, the summer monsoon and
correspondent monsoon precipitation might be considered
as the most effective and important factors contributing to
the a-HCH input into sink/receptor regions which, as shown
in Figure 1, superimposed with the monsoon margin.
3.2.3. Temperature
[21] Temperature influences degradation, deposition, and

reemission processes [Ma and Cao, 2010]. Compared with
that in other regions in the same latitude over the model
domain, the average temperature in sink areas was relatively
low (Figure S12 in the auxiliary material). Within the
model domain, the average temperature was 7�C higher in
source areas and 16�C and 1.4�C lower in the Tibet and
northern sink areas than in other regions in the same latitude
(Figure S13 in the auxiliary material); we then expect the
stronger volatilization of a-HCH from surface soil and
degradation in source regions and weaker volatilization
and degradation in sink areas. According to the fugacity
model (section 2), temperature mainly influences the sur-
face exchange (Figure 3). Compared with those in other
regions in the same latitude, the atmospheric degradation
rate, deposition, and reemission fluxes in source regions
were 9%, 38%, and 95% higher, respectively. Although,
as aforementioned, wet deposition in source areas was
higher, the significant increase of reemission and faster
degradation due to higher temperature in source areas may
buffer the mass input and cause a net output of a-HCH.

Figure 2. The overlap areas between the monsoon margin and sink areas.
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On the other hand, it was found that the relatively low tem-
perature in the Tibet resulted in 65% higher deposition, 81%
lower reemission, and 19% slower degradation than that in
other areas at the same latitudes, thereby leading to the sink
formation in the Tibet. In the northern sink region, decreas-
ing reemission (14%), slowing degradation (2%), and in-
creasing deposition (2%) were also favorable for HCH
detention.
3.2.4. SOC
[22] SOC and monsoon are not linked directly. However,

soil organic matter responds to vegetative change that has been
linked to summer monsoon enhancements [Fang et al., 1999].
Spatially, high SOC content also occurs along the summer
monsoon margin, such as the southeast Tibet [Tian et al.,
2008] and Northeast China [Wang et al., 2002] (see Figure
S14 in the auxiliary material). The elevated SOC resulted in
40% decrease of a-HCH reemission in the Tibetan Plateau,
~5% decline in the northern sink areas, and 7% increase in
the source areas, in comparison with that in other areas
in the same latitude. In the model domain, spatial changes
in environmental factors that drive the environmental fate
of a-HCH led to significant accumulation of a-HCH within
the monsoon margin.

3.3. Impact of East and South Asia Monsoon
on a-HCH Sink

[23] Asian monsoon can be divided into East and South Asia
monsoon systems: The former leads to northward outflow
of a-HCH from a Chinese source, and the latter results in
eastward extension from an Indian source (Figure S15 in
the auxiliary material). It would be interesting to know the
association of the formation of the sink area with the two
monsoon systems. Given the intimate connection between
the two monsoon systems, the association of atmospheric
transport of a-HCH with individual source in both monsoon
systems is not straightforward to be understood from bivariate
correlation analysis. Partial correlation is a method to assess
covariation of a pair of random variables from a collection
of random variables in the case where the influence of the
remaining variables is eliminated. For three variables, the
partial correlation between two variables (X and Y) holding
the third variables (Z) fixed is the correlation between the
residuals X and Y resulting from the linear regression of X
with Z and of Y with Z, respectively. Therefore, the partial
correlation coefficient between total wet deposition in sinks
and MI in each monsoon region was computed, in order to
exclude influence from another monsoon sector. When a

meridional line (the blue line in Figure S16 in the auxiliary
material) moves from 80�E to 125�E with an interval of
every 5�, the monthly wet deposition within the western
sink region (the red areas located on the west of the blue
line) was summarized. The partial correlation coefficients
between the summarized deposition and East and South
Asia MI were calculated and are plotted in Figure 4, respec-
tively. Western sink areas correlated more strongly with
South Asia MI (red line) than East Asia MI (blue line).
The decline of the correlation coefficients (red) in Figure 4
occurred at 105�E, the longitude that has been considered
to be the border between East and South Asia monsoons
[Wang et al., 2003]. On the east of 105�E, the impact of
South Asia monsoon on the a-HCH wet deposition gradually
diminishes. However, there appeared no stronger associa-
tion between a-HCH wet deposition and East Asia monsoon
on the east of this border (namely, 105�E) as we expected.
The correlations (the blue line in Figure 4) exhibit a largest
value at 105�E and decrease thereafter. This is because,
when the blue line moves from 90�E to 110�E, the western
areas also included the a-HCH sink in Qinghai province,
with the sink still attributable to eastern China sources and
East Asia monsoon (Figure S17 in the auxiliary material).
[24] The analysis can be further supported by evaluating

the relative contribution of Chinese and Indian sources to
the sink formation of a-HCH. Since both eastern China
and India are major source regions under Asian monsoon
wind regimes, normalized soil concentrations can be used
to eliminate the influence of the strength of a-HCH usage.
Figure S17 shows normalized soil concentrations from
Chinese sources and Indian sources, respectively. Chinese
sources lead to accumulation of a-HCH in the Northeast
China and Qinghai province, while Indian sources result
in high concentration in the southern Tibet and the part of
southwest China. This indicates that the Tibetan sink could
be linked to a-HCH outflow from India and the northern
sink could be connected to outflow from eastern China.

4. Conclusion

[25] The environmental fate of a-HCH from 1948 to 2008
in South and East Asia was simulated by ChnGPERM. The
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sink distribution generally resembles the Asian monsoon
margin. According to the mass balance of the model, the
sink formation in the model domain can be attributed to
the increasing input and decreasing output of a-HCH in a
certain region of the model domain. Both the increased
atmospheric input and the persistence of the substance along
the monsoon margin may contribute to the model simulated
sink distribution. Significant amount of a-HCH through
wet deposition in the summer monsoon season increased
atmospheric input, whereas relatively high SOC and low
temperature favored accumulation of a-HCH over the sink
areas. Since the major areas of pesticides application were
located in monsoon zones, the association between sink
distribution and monsoon investigated in the present study
postulates that the monsoon system is an important factor
influencing the geographical distribution and transport of
airborne pollutants, which should merit attention and further
investigation. Geographically, the environmental fate of
a-HCH in the eastern Tibetan Plateau was influenced by
the atmospheric outflow from Chinese sources, whereas
Indian sources played a major role for its accumulation in
the southern Tibetan Plateau.
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