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balance box model from 1945 to 2020. Over the 76 years, loading occurred predominantly through ocean
currents and river inflow (83%) and only a small portion via atmospheric transport (16%). f-HCH started
to accumulate in the Arctic Ocean in the late 1940s, reached a peak of 810 t in 1986, and decreased to 87 t
in 2020, when its concentrations in the Arctic water and air were ~30 ng m~> and ~0.02 pg m3,
respectively. Even though f-HCH and a-HCH (60—70% of technical HCH) are both the isomers of HCHs
with almost identical temporal and spatial emission patterns, these two chemicals have shown different
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Mass balance model major pathways entering the Arctic. Different from a-HCH with the long-range atmospheric transport
Budget (LRAT) as its major transport pathway, B-HCH reached the Arctic mainly through long-range oceanic
Air-water exchange transport (LROT). The much higher tendency of B-HCH to partition into the water, mainly due to its much

lower Henry's Law Constant than «-HCH, produced an exceptionally strong pathway divergence with f-
HCH favoring slow transport in water and a-HCH favoring rapid transport in air. The concentration and
burden of B-HCH in the Arctic Ocean are also predicted for the year 2050 when only 4.4—5.3 t will remain
in the Arctic Ocean under the influence of climate change.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction widespread use during the 1940s, have been produced as technical
HCHs containing four stable isomers (a: 60—70%, B: 5—12%, vy:
Hexachlorocyclohexanes (HCHs) are cheaply-produced organ- 10—12%, 3: 6—10%) [1], and Lindane®, which consists of almost pure

ochlorine pesticides (OCPs), which are classified as persistent v-HCH (>99%). The production and use of technical HCH increased
organic pollutants (POPs). The HCHs, which entered into with time following its introduction in the 1940s in Europe and
North America and was curtailed in the 1990s. The total global
usage of technical HCH has been estimated at 10 Mt between 1948
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transport (LRT) and water pathways (river discharges and ocean
currents). The first report of a- and y-HCHs in the Arctic air was
dated in 1979 [5], while B-HCH in the Arctic air was reported much
later in 1988 [6].

Clarifying sources and pathways of industrial and agricultural
POPs to the Arctic have been major objectives of Arctic research and
contaminant assessments [7,8]. In this regard, HCHs compounds, o.-
HCH, and B-HCH in particular, have played an exceptional role in
understanding the connections between sources and sinks because
environmental loadings have led to concentrations that are rela-
tively easy to measure. Thus, budgets and distributions of HCHs
have become far better understood than those for other POPs [4,7].

Atmospheric LRT has traditionally been considered the primary
pathway by which semi-volatile contaminants (SVOCs) enter the
Arctic, as evidenced by extensive research on o-HCH [4,7,9—12]. The
first direct evidence that air was a predominant medium of trans-
port into the Arctic was the strong correlation between concen-
trations of a-HCH in the Arctic air and technical HCH global usage
[10] and global emissions of a-HCH [11], which clearly demon-
strated rapid atmospheric dispersion of a~-HCH from source regions
into the Arctic.

To understand how a-HCH loaded into the Arctic Ocean and
how long it might take for the Arctic Ocean to respond to dimin-
ishing atmospheric loadings due to global control measures, Li and
co-workers [10] developed an Arctic Mass Balance Box Model
Version 1 (AMBBM 1.0), which has been successfully applied to
simulate the historical budgets in the Arctic Ocean for a-HCH. In
this model, global emission history [13] together with flux esti-
mates into and out of the Arctic Ocean, produced annual mass
balances from 1945 to 2000. The model results compared well with
published monitoring data from the samples collected during the
1980s and 1990s [7,14]. It turned out that a-HCH started to accu-
mulate in the Arctic Ocean in the late 1940s, reached the highest
estimated value of 6670 t in 1982, and decreased to 1550 t in 2000.
The total estimated loading for the entire period between 1945 and
2000 was 27700 t, with gas absorption as the main input pathway
(50%) followed by ocean currents (34%) [10]. These results
confirmed the commonly held assumption that atmospheric LRT
was the primary pathway by which semi-volatile contaminants
enter the Arctic, but it also showed that water-borne pathways
could not be neglected, at least for some POPs.

The success in modeling «-HCH in the Arctic Ocean supported
the notion that atmospheric transport was, in general, the pre-
dominant mode of entry into the Arctic Ocean for all POPs, as
expressed in the first Canadian Arctic Contaminants Assessment
Report [15], “contaminants such as persistent organic contaminants
(POPs), heavy metals and radionuclides enter the Arctic through
long-range transport on air and water currents, with the atmo-
sphere being the primary pathway”. This view was challenged by Li
and co-workers [16] who showed that the primary pathway for -
HCH to enter the Arctic Ocean had to be ocean currents. In that
study, the authors proposed that much of the f-HCH emitted from
Asia was deposited into the strongly stratified North Pacific Ocean
and the Bering Sea by rainfall and gas—water exchange. This f-HCH
subsequently enters the western Arctic Ocean following ocean
currents from the Pacific Ocean through the Bering Strait. One could
anticipate a parallel set of circumstances to affect a pathway sep-
aration between a-HCH and B-HCH in the North Atlantic Ocean,
which feeds the Eastern Arctic Ocean, and given that the volumetric
flows are much larger through the Fram Strait than the Bering
Strait, oceanic transport could be even more important.

Following the conjecture that B-HCH was transported to the
Arctic Ocean mostly by water, not air, subsequent research has
confirmed the decoupling of «-HCH and B-HCH's pathways to the
Arctic, and the effects may be seen in both water and biota [4]. The
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consequence of separation between the two isomers is reflected in
spatial variations in water concentrations; for example, early in the
history of HCH emissions, the preferential loading of -HCH into the
Bering Sea led to f-HCH enrichments in that region [17] which then
subsequently loaded into the Chukchi Sea, just as the higher at-
mospheric deposition of a-HCH into the Canada Basin surface wa-
ters initially led to a-HCH enrichments that subsequently loaded
into the Canadian Archipelago and, eventually, in the Labrador
Current [18]. In the interior surface waters of the Arctic Ocean, the
concentrations of o-HCH reached a value of 7 ng L™, compared to
0.2 ng L~! or lower for B-HCH. In contrast, the Bering and Chukchi
Seas achieved high surface water concentrations for B-HCH
(~1.2 ng L), more comparable to a-HCH (~3.2 ng L), during the
1990s. Perhaps more importantly, regarding potential biological
impact, such aquatic distributions were also reflected in resident
biota [19—23]. These elegant examples of how food webs reflect
large-scale contaminant transport dictated by environmental pro-
cesses underscore the importance of understanding and modeling
the environmental fate of the  isomer, which may provide valuable
insight into its distribution in the Arctic Ocean and its potential
effects. This divergence in transport pathways between a-HCH and
B-HCH presents the most extreme case that we know of favoring
the transport and accumulation in water, given that aquatic food
webs tend to be at greatest risk from these chemicals.

Their different physical-chemical properties cause the separa-
tion of a-HCH and B-HCH in LRT. B-HCH has stronger lipophilicity,
water solubility, and longer half-life than «-HCH. Modeling can
estimate POPs' properties and their environmental behavior.
Although the budget and fate of a-HCH in the Arctic Ocean were
successfully modeled by the AMBBM 1.0, the modeling focusing on
the B-HCH was scarce because it is a considered less important
isomer in the technical mixture and accumulates relatively little in
the environment. Wohrnschimmel et al. [24] studied the fate of
both a-HCH and B-HCH before and after being phased-out and
compared their difference using the BETR Global 2.0 model. In their
study, the relationship between HCHs’ fate and their physical-
chemical properties was further elucidated by comparing
modeled and observed levels and trends in air and water; the in-
fluence of climate change was also included. However, the reported
study did not discuss the budget of either a-HCH or $-HCH.

Encouraged by the successful modeling of the budget and fate of
a-HCH in the Arctic Ocean, in this work, we study the historical
annual loading to, removal from, and cumulative burden in the
Arctic Ocean in 1945—2020 for B-HCH using a modified Arctic Mass
Balance Box Model (AMBBM 2.0) similar to that applied to a-HCH
earlier [10]. We examine the period between 1945, the year this
compound was introduced into widespread use, and 2020. The
model takes into account the known chemical properties of f-HCH
(Table S1), the emission history, and various mechanisms that
control fluxes into and out of the Arctic Ocean (seawater exchange
via ocean currents, air—sea exchange, river inflow, sea ice cover,
degradation and loss to deep water). The model output includes
estimates of compartments’ concentrations, loading to and removal
from the Arctic Ocean, and the budget of B-HCH in the upper ocean
in any given year from 1945 to 2020. Thus, the environmental
behavior of B-HCH in the Arctic and the source region are investi-
gated, and the projections of the budget for -HCH for 2020—2050
are also presented in the paper.

2. Methods
2.1. AMBBM 2.0

The Arctic mass balance box model (AMBBM 1.0) was developed
in 2004 [10] and was used to calculate the budget of the a-HCH in
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the Arctic Ocean. A variety of loading or removal pathways of a-
HCH was discussed in the model. Here, AMBBM version 2.0 is
developed based on AMBBM 1.0 and has the following modifica-
tions (Table 1).

2.2. Spatial and temporal design

AMBBM 2.0 takes the Northern Hemisphere as the model
domain, divided into two portions: the Source Zone and the
receiving Arctic Zone, separated by the latitude of 66.5° N (Arctic
circle). The total area of the Arctic Zone is 2.13 x 10'> m?, with the
Arctic Ocean as the largest compartment (1.34 x 10> m?) and the
rest being land (7.90 x 10'> m?). The area of the Source Zone (2.4 x
10" m?) is divided by land (9.6 x 10" m?) and ocean (1.44 x 10™
m?). Area data was calculated through the GDAM dataset (https://
gadm.org/) on the ArcGIS platform. The spatial coverage is shown
in Fig. 1a. SVOCs are emitted into the Source Zone, where they re-
distribute in air, ocean, and soil, some of which are transported to
the Arctic through LRAT and LROT, where they can exchange be-
tween compartments. All relevant environmental processes among
the atmosphere (“air” for short), surface ocean including seawater
and sea ice (“ocean” for short), and land surface including surface
soil and snowpack (“land” for short) are estimated in the model.

AMBBM 2.0 is a level IV fugacity model with a steady P/G par-
titioning component for POPs in the atmosphere, calculating the
long-term environmental behavior of these chemicals in the Arctic.
For B-HCHs, global usage started in 1945 in general. Here,
1945—2020 is chosen as the target time scale. In the model, average
results are given for every six months, named the cold and the
warm seasons. For simplicity, we assume the cold season starts on
November 1 in the previous year and ends on April 30 of the cur-
rent year, whereas the warm season is from May 1 to October 31, as
shown in Fig. 1b. The emission rate in the Source Zone and envi-
ronmental properties in the Arctic Zone are set differently in
different season. Precipitation in the Arctic occurs in two forms. The
precipitation happens mainly in the form of rain in the warm
season and snow in the cold season. The surface coverages of
snowpack on the land and sea ice on the ocean also change
seasonally. In the cold season, all soil is frozen and covered with
snowpack, and 50% of the ocean is covered with sea ice, whereas in
the warm season, 60% of surface soil is bare, and only 35% of the
Arctic surface is covered with sea ice [24,26]. Snow and ice's
melting and freezing are treated as ongoing processes, and
assumed to occur instantly in the model. The fourth-order Runge-
Kutta method solves ordinary differential equations describing the
above mentioned environmental processes. The time steps are
prescribed in the model as one day.

For the sake of simplicity, no seasonal temperature change is
assumed in the source area, Tairsource = 15 °C and
Tocean_source = 15 °C. However, temperatures in different season and
media are different in the Arctic zone. According to the “NCEP/

Table 1
Comparison between AMBBM 1.0 and AMBBM 2.0
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NCAR Reanalysis I” database, the air temperature in the warm
season, Tair Arctic warm = O °C, whereas in the cold season,
Tair_Arctic_cold = —25 °C. The seasonal change of the Arctic Ocean is
gentler, Tocean_Arctic_cold iS set to —1.8 °C, the freezing point of brine,
whereas Tocean_ Arctic Warm 1S set to 5 °C [27].

2.3. Emission

The annual emission data of B-HCH is derived from Li et al. [28].
In the present study, we assume that all technical HCH was used in
the warm season in farmland by spraying droplets into surface soil
or mixing into deeper soil. Thus, we assume that 95% of HCHs fell
on the soil and the rest emitted into the air during their applications
[24].

2.4. Particle/gas partition

The steady-state equation (Li-Ma-Yang Model) was developed
explicitly to study the P/G partitioning behavior of SVOCs [25]:

logKps = logKpg + loga (1)

In the above equation, the equilibrium term, logKpg, is given by
the Harner-Bidleman equation [29] as:

logKpg = logKoa + logfom — 11.91 (2)
and loga, the non-equilibrium term, is given as:
loga = —log(1 + 4.18 x 107" fomKoa) (3)

where Kppa is the octanol-air partition coefficient, and fou is the
mass fraction of organic matter contained in aerosol particles.

The above equations lead to two thresholds of logKopa,
logKoa1 = 11.38 and logKoa2 = 12.50 [30]. As shown in Fig. S1, the
two thresholds partition the range of logKopa into equilibrium (EQ),
nonequilibrium (NE), and maximum partition (MP) domains, in
which the values of logKps reach a maximum constant value of
logKpsy = —1.53, independent of the values of logKoa and thus the
temperature.

2.5. Intermedia processes

In the AMBBM 2.0, the Arctic Zone consists of five compart-
ments: gas, aerosol particles, seawater, sea ice, soil, and snowpack,
whereas the Source Zone has three: air, soil, and water (Fig. 1a).
Details of the equations used in the model to describe transport and
transfer processes in the media of the two zones along with the
parameters are shown in Text S1, with parameters given in
Tables S1-S5, SI.

Items AMBBM 1.0

AMBBM 2.0

Phases considered Air, seawater, deep water

Processes Gas—phase dry and wet depositions, particle-phase dry and wet
depositions, volatilization, degradation, etc.

Input data
North-Atlantic Ocean, and the rivers to the Arctic Ocean

Times step One year

Particle/gas (P/G)
partitioning

Based on equilibrium theory (Harner-Bidleman Equation)

Air, seawater, deep water, snowpack, sea ice, and soil phases
Add snowfall, melt & refreeze processes of snow and ice, etc.

Concentrations in the Arctic air, the seawater in the Bering Strait and the Monitoring data is no longer needed as the input data

One day, but output data for every half year (six months)
Based on the steady-state theory (Li-Ma-Yang Equation) [25]
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Fig. 1. a, Spatial design of AMBBM 2.0. b, Temporal design of AMBBM 2.0.

2.6. Sensitivity analysis

The sensitivity analysis of the AMBBM 2.0 is performed based on
Monte Carlo analysis. As this work aims to study chemicals' budget
in the Arctic Ocean influenced by their different physical-chemical
properties, we choose air—water partition coefficient (Kaw),
octanol-air partition coefficient (Koa), half-lives in the air (HLajr),
water (HLwater), and soil (HLs,j;) as the input properties to estimates
the sensitivity of a- and f-HCH's environmental behaviors to these
properties in the Arctic Ocean. A lognormal distribution is assumed
for all input parameters. The dispersion factors of these properties
are given in Table S6. The Monte Carlo analysis takes 3000 runs, and
Spearman's rank correlation coefficient was used to calculate con-
tributions to variance. The analysis results are given in Fig. S4.

2.7. Model evaluation

To compare the difference between the modeling result and the
sampling result, the root mean square error of log-transformed
concentrations (RMSEqg) [31] was calculated using the following
equation (4):

1 i
RMSEjqq = 10¢ D" [l0g(Cest.) — 108(Cops ) @)
n=1
where RMSE|q is the root mean square error of log-transformed,
Cest. is the estimated concentration, Cyps, is the observed concen-
tration, and n is the number of samples.

3. Model evaluation using o-HCH

In the previous paper, the annual budget and burden of o-HCH
in the Arctic Ocean were successfully simulated by the AMBBM 1.0
[10]. To evaluate AMBBM 2.0, this model is applied to predict the
annual budget and burden of «-HCH, and the results are compared
with those predicted by AMBBM 1.0.

3.1. Air concentration (Ca) and gas—ocean exchange

The AMBBM 1.0 and 2.0 calculated the air concentrations (Ca)
for a-HCH in the Arctic in completely different ways. Ca in the
AMBBM 1.0 was calculated directly from a strong correlation be-
tween air concentrations of o-HCH in the Arctic and its global
emissions. However, this correlation is not applied to calculate Ca in
AMBBM 2.0, which is modeled based on the fugacity and advection
methods, as mentioned in section 2.1. The concentrations predicted
by both AMBBM 1.0 and 2.0 and the monitoring data [32] (https://

ebas.nilu.no/) in the Arctic air at Alert, Nunavut are shown in Fig. 2a,
indicating the agreement between the results from these two
models (RMSE|og is 4.06 for AMBBM 1.0 and 4.05 for AMBBM 2.0).
Besides, AMBBM 2.0 can provide the seasonal variation of a-HCH in
the Arctic air. However, the AMBBM 2.0 smooths the two sharp
decreases of «-HCH in the Arctic air, responding to the sharp
decrease of its global emissions that happened at the beginning of
the 1980s and in the 1990s.

The results of Gy predicted by AMBBM 1.0 and 2.0 are consid-
ered in an agreement but with a distinct difference in the early
loading years from 1945 to 1950 (Fig. 2b), when the values of Gy
predicted by AMBBM 1.0 are higher than those by AMBBM 2.0. This
could be mainly caused by the difference in inflows of this com-
pound in ocean/river currents described in the previous subsection.
From 1960, the concentration of a-HCH predicted by the AMBBM
2.0 became larger than that predicted by the AMBBM 1.0. This is
mainly caused by the stronger gas—ocean exchange process used in
the former than in the latter. It turns out that AMBBM 2.0 is su-
perior to AMBBM 1.0 in predicting the level of a-HCH in the Arctic
Ocean (RMSEjqg: 2.92 for AMBBM 1.0 and 2.19 for AMBBM 2.0).

The annual net flux between air and water is depicted in Fig. 2c. In
years before 1990, although the calculated air concentrations from
AMBBM 1.0 were higher (Fig. 2a), AMBBM 2.0 estimated stronger
ocean absorption flux. Interestingly, the direction of gas-ocean ex-
change predicted by AMBBM 2.0 shows a change from “air to ocean
water” to “ocean water to air” in the summer of 1993, which is sup-
ported by the observation reported by Jantunen and Bidleman [34],
whereas the AMBBM 1.0 predicted that a-HCH reach equilibrium in
the air and ocean of the North America Arctic in the same year.

3.2. Ocean current and rivers inflow

Annual inputs of a-HCH through the ocean current and river
inflows predicted by both AMBBM 1.0 and 2.0 from 1945 to 2000
are presented in Fig. 3, showing that results from both the models
match well although they calculated these inflows in very different
ways (Table 1). The largest difference occurred in the early loading
years from 1945 to 1955, when the rivers and ocean current inflows
of a-HCH predicted by AMBBM 1.0 were higher than those by
AMBBM 2.0. The AMBBM 1.0 estimated the input inflow of a-HCH
due to the ocean currents from 1945 to 1980 simply using inter-
polation based on much limited monitoring data [10], while the
AMBBM 2.0 treats emissions, transport, and transfer of o-HCH in
multi-compartments (air, ocean, and soil) of in the Source Zone in a
dynamic way, and then this chemical enters the Arctic Zone
through atmospheric and ocean/river pathways. In AMBBM 2.0, it
takes a few years for a-HCH to enter the ocean in the Source Zone
and accumulate enough concentration in the water, and then o-
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Fig. 2. a, Annual concentrations of ¢-HCH in the Arctic air predicted by both models (Blue line: results provided by AMBBM 1.0; pink line: results provided by AMBBM 2.0; grey
dots: monitoring data [32] (https://ebas.nilu.no/). b, Annual water concentrations of o-HCH in the Arctic Ocean predicted by AMBBM 1.0 and 2.0 with the monitoring data. (Sources
of the monitoring data from Li et al. [10] and Wang et al. [33]). ¢, Annual gas-ocean exchange of «-HCH in the Arctic from 1945 to 2000 predicted by both models.
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Fig. 3. Annual inputs of a-HCH in the Arctic Ocean through ocean currents (a) and
river inflows (b) from 1945 to 2000 predicted by AMBBM 1.0 and 2.0.

HCH can travel to the Arctic Ocean effectively. Thus, there is a time
lag for a-HCH to reach the Arctic Ocean through ocean currents
compared to its atmospheric pathway simulated using the AMBBM
2.0, but not in the AMBBM 1.0. This does not significantly affect the
budget of this chemical in the Arctic Ocean in the time frame of 56
years from 1945 to 2000.

3.3. Budget

The annual budgets of a-HCH produced from 1945 to 2000 by
both the AMBBM 1.0 and 2.0 are depicted in Fig. 4. Both models
predicted the LRAT as the major pathway for «-HCH to enter the
Arctic: 51% from air predicted by AMBBM 1.0 and 59% by AMBBM
2.0, and both reckon that the ocean degradation is the most
important removal pathway. AMBBM 2.0 predicts higher total
loadings and removal, higher gas exchange, gas wet deposition, and
loss to deep water, but lower for other processes than those pre-
dicted by AMBBM 1.0.

3.4. Burden

The annual burdens of a-HCH in the Arctic Ocean from 1945 to
2000 predicted by AMBBM 1.0 and 2.0 are shown in Fig. 5. The
accumulated burden calculated by AMBBM 2.0 is almost two times
larger than that by AMBBM 1.0, which is mainly due to the reasons
discussed in Section 3.2, which are (1) stronger air—ocean exchange
rate in AMBBM 2.0 than AMBBM 1.0 (Fig. 2¢), (2) larger inflows of a-
HCH through water currents in AMBBM 2.0 than AMBBM 1.0
(Fig. 3), and (3) AMBBM 2.0 defines larger Arctic Ocean than
AMBBM 1.0. In the early years, the difference between these models
is small. In 1960, the burden in the AMBBM 1.0 and 2.0 were 1800 t

and 3000 t. But as time progresses, the difference becomes larger. In
AMBBM 1.0, the burden of «-HCH peaked in 1981 at 5200 t, but in
1984 at 11000 t predicted by AMBBM 2.0. This promoted the
reversal of the direction of the gas—water exchange between air
and ocean [34], which was not simulated by AMBBM 1.0. In 2000,
the burden of «-HCH in the Arctic Ocean was 1600 t from the
AMBBM 1.0 and 3500 t from the AMBBM 2.0.

4. Result
4.1. Concentrations of 3-HCH in the Arctic

Air concentrations. Fig. 6a presents the air concentrations of 8-
HCH in the Arctic from 1975 to 2015. Wohrnschimmel and co-
workers [24] also evaluate B-HCH's air concentration in the Arctic
using BETR-Global 2.0, and the annual highest and lowest values
are indicated by two blue lines in the figure. It is interesting to note
that the results from our study lie well within this range. The figure
also shows that the simulated data fit well the trend of monitoring
data measured in Alert, Canada, with 96.3% of measured data falling
into the +log1 range of the model results with the RMSE|qg value as
5.32.

Water concentrations. Fig. 6b depicts the water concentrations
of B-HCH in the Arctic Ocean, showing a good agreement between
the modeled data and the monitoring data, with almost all
measured data within the +log1 range of the modeled results. B-
HCH's concentration in the Arctic Ocean seems slightly over-
estimated (see Fig. 6b).

Surface soil concentrations. Both the modeled and measured
concentrations of B-HCH in surface soil are presented in Fig. Gc,
showing that all the measured data fall in the +log1 area.

Concentrations in other matrices. Besides the results for the
concentration of B-HCH in air, water, and surface soil, those in other
matrices, such as sea ice and snowpack, are also simulated, with the
results given in Fig. S2. Monitoring data of f-HCH in these two phases
have not been reported yet. Hermanson et al. [35] measured the
concentration of OCPs in surface snow on glacier sites in Svalbard
during the cold season of 2014. The concentration of B-HCH has not
been detected. Interestingly, the simulated B-HCH concentration in
snowpack in the same year was ~6.6 x 10~% ng L~1), which was lower
than the LOQ (5.5 x 103 ng L™1) reported by Hermanson et al. [35].

4.2. Budget of 3-HCH

4.2.1. Burden of 8-HCH in the Arctic Ocean
As shown in Fig. 7a, the historical p-HCH's burden from 1945 to
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2020 in the Arctic compartments, indicating that the Seawater is
the largest storage of B-HCH in the Arctic Zone, containing over 90%
of B-HCH in the Arctic in most years. The dominant amount of (-
HCH in the Arctic Ocean is not unexpected due to its low Kaw value
and the huge volume and fugacity capacity of ocean water. From
1960 to 2020, the amount of B-HCH in the Arctic air was very small
(<1%), whereas in the first five years, the proportion of -HCH in the
Arctic air was much higher, reaching as high as >10% in the first
year. Similar to a-HCH, B-HCH can quickly arrive in the Arctic
through LRAT [16], although in a very small amount, while there
was a delay for B-HCH to reach the Arctic Ocean through the ocean
currents, which led to a relatively high proportion of mass in the
Arctic air in the first several years. Even with a relatively low
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amount, the mass of p-HCH in the Arctic air is the most active and
dynamic part of all the atmospheric transport and transfer pro-
cesses within the Arctic environment [38,39].

It is through deposition and gas exchange that B-HCH can enter
the soil and snowpack. The burden of f-HCH in soil, the second
largest storage compartment of B-HCH, keeps rising in the long
term because of its longer half-life in soil. Sea ice and snowpack
hinder the exchange of the chemical between air and two other
surface media, ocean water and soil, respectively [38—40]. Since sea
ice is much thicker than snowpack and can accumulate across the
year, thus, the burden of the sea ice is much larger than that in the
snowpack.

Fig. 7b shows the burdens, total loadings, and total removals
from 1945 to 2020. In these years, around 2700 t B-HCH enter the
Arctic Ocean through different pathways, which is 1.2% of the his-
torical global emission [16]. Two periods from 1945 to 2020 can be
identified for the study according to the variation of the burdens of
B-HCH in the Arctic Ocean. One is called the accumulation period
(AP) from 1945 to 1986 with an increasing trend of the burden, or
when the loading is larger than the removal, and the decay period
(DP) from 1987 to 2020 with a decreasing trend of the burden, or
when the removal exceeds the loading.

In the AP, the average annual loading in the AP is 50 t yr—,
whereas the average annual removal is 30 t yr~ !, with the annual
net average burden increased by approximately 20 t yr~.. In 1986,
the burden of B-HCH in the Arctic reached its peak at 810 t, five
years later than the peak of a-HCH according to the prediction by
AMBBM 1.0 [10]. In the DP, the yearly average removal rate and
loading rates are 37 and 16 t yr~ !, respectively, leading to an annual
net decrease rate of burden as 21 t yr—. In this period, the Arctic
Ocean became an important secondary emission source that
continually released f-HCH. The B-HCH burden in the Arctic Ocean
decreased to 87 t in 2020.

4.2.2. Temporal variation of 3-HCH budget in the Arctic Ocean
Loading and removal percentages in the 76 years and the two
periods AP and DP are shown in Fig. 8a—c, showing a similar
pattern for the removal and a different pattern for the loading.
The most important loading pathway in the whole period is
undoubtedly ocean current inflow (71%). The contribution of
gas—water exchange and soil runoff are similar (11% and 12%).
Thanks to the very low precipitation, B-HCH's relatively low Koa
(Fig. S1), and small TSP in the Arctic atmosphere [41,42], the
contribution of particle deposition and rain/snow scavenging is
very limited. On the removal side, the degradation in the ocean and
outflow through the ocean currents are both the most important
pathways for the removal of B-HCH (37% and 35% for each). Because
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Fig. 6. a, Air concentration of B-HCH [32] (Monitoring data: https://ebas.nilu.no/). b, Ocean concentration of B-HCH (Sources of the monitoring data: Li et al. [16] and Cai et al. [36]).

¢, Soil concentration of B-HCH (Sources of the monitoring data: Casal et al. [37]).


https://ebas.nilu.no/

P-F. Yang, RW. Macdonald, H. Hung et al.

of the ocean circulation in the Arctic, a considerable amount of f-
HCH is removed by entering the deep ocean (25%) [7]. However,
gas—water exchange is not an important removal process for -
HCH (2%).

In the AP, the contribution to the loadings due to the gas—ocean
exchange and soil runoff were more important (both reaching 13%),
because in early years, air and soil contained more burden of f-HCH
in the Source Zone, whereas the contribution of ocean current was
building up. In DP, however, as a proportion of B-HCH in air and soil
in the Source Zone reduced, and so did the deposition and runoff to
the Ocean, respectively, the contribution of B-HCH in the ocean
currents in the Source Zone to its loading to the Arctic Ocean
increased from 68% in the AP to the 83% in the DP.

The model also estimated the budget in the Arctic air and soil, as
shown in Fig. 8d and e. Compared with the Arctic Ocean, the total
loading and removal of B-HCH in air and soil are much smaller. This
shows that air and land contribute less to f-HCH's accumulation
and removal in the Arctic. Almost all B-HCH (96%) was brought into,
and more than half (65%) was brought out of the Arctic air by at-
mospheric circulation. Part of the rest leaves the Arctic Ocean
through gas—ocean exchange (18%). The main loading and removal
pathways of the land are gas—soil exchange (84%) and degradation
(87%), respectively.

5. Discussion
5.1. Historical budget in the Arctic Ocean: a contrast to a-HCH

Besides B-HCH, the result of «-HCH was also estimated by
AMBBM 2.0. In addition, to be used for model evaluation, it is also
used as a comparison with 3-HCH.

5.1.1. Emission

As two stable isomers contained in technical HCH, -HCH and a-
HCH have identical temporal and spatial trends of the primary
emissions with a much larger emission amount for ¢-HCH than f-
HCH. However, the temporal and spatial trends of volatilization
from surface soil are different [28]. B-HCH is more persistent (has a
longer half-life time) than «-HCH in the environment.

5.1.2. Loading to the Arctic Ocean

It has been widely accepted that «-HCH and B-HCH reached the
Arctic Ocean differently. «-HCH is mainly transported through
LRAT, while B-HCH mainly through LROT [16,43]. By using the
model, we can quantitatively compare this difference. From 1945 to
2020, a total of 5.2 x 10* t of a-HCH entered the Arctic Ocean while
the total amount of B-HCH is 2.7 x 103 t, which is ~1/20 of the a-
HCH entered the Arctic Ocean. Considering f-HCH is ~1/10 of the a-
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HCH in the technical HCH, B-HCH has less LRT capability than a-
HCH. 69% of the total a-HCH is brought into the Arctic Ocean from
the atmosphere through wet and dry deposition processes of both
gas— and particle—phases, while this proportion for -HCH is only
16%. The main loading of B-HCH via ocean currents accounts for 71%
of total loading to the Arctic, while this value for a-HCH is only 22%.
Loading through both LRAT and LROT were the main loading pro-
cesses for both a-HCH and B-HCH, consisting of 92% and 88% of a-
HCH and B-HCH's total loading, respectively. The detailed contrast
is shown in Table 2.

5.1.3. Re-emission

The Arctic is a cold region, thus, chemicals in the Arctic can stay
for a long time. Many POPs, including «-HCH and B-HCH, have
accumulated in the Arctic, especially in the Arctic Ocean, origi-
nating from their wide use and continuous emissions worldwide.
These POPs in the Arctic form secondary sources. As the primary
emissions were weakened, the Arctic Ocean started to play a role as
an emission source instead of a sink, in which the POPs have
constantly re-emitted and transported back to other regions in the
world, mainly through LROT and volatilizing to the air, then via
LRAT. The outflow of a-HCH from the Arctic is mainly through the
LRAT (55% of total re-emission), whereas the majority of outflow for
B-HCH mainly through the LROT (94% of total re-emission).

The monitoring concentrations of a-HCH in Arctic air and ocean
indicated that volatilization from seawater exceeded absorption to
seawater for this compound in 1992—1993 [34], suggesting that gas
exchange became a removal pathway from a loading one since this
time point (switching point of air—ocean exchange). Like air—ocean
exchange, ocean current is also an important loading pathway,
according to the description in last section. However, due to the
global cutback of the HCH emissions, the removal due to the ocean
current of HCHs would also be stronger than their loading through
the same pathway at some point of time, which is named as the
switching point of ocean current. o-HCH's switching point of
air—water exchange happened in 1993, switching point of ocean
current happened in 1985. But B-HCH's switching points happened
in 1996 and 1997 for ocean current and air—water exchange,
respectively. B-HCH's switching points of air—water exchange and
ocean current happened obviously later than o-HCH's. These
switching points of both HCHs are shown in Fig. S3.

According to a large body of evidence on monitoring data pro-
vided by numerous field studies reported in the scientific literature
[43], the re-emission process is in accelerating because of the more
open area of ocean water due to the melting of snowpack, sea ice,
and glacier caused by global warming. The decreasing ice extent in
the Arctic Ocean will effectively enhance the re-emission process.
Another factor is the sea surface temperature (SST), SST is
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Fig. 7. a, Distribution of B-HCH's burdens in the Arctic air, water, soil, sea ice, and snowpack; b, f-HCH's burden in the Arctic Ocean.
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increasing by 0.03 K every year in the Arctic Ocean [44], and Kaw is
very sensitive to temperature change. Higher temperature in the
open sea water will lead to more efficient volatilization.

5.1.4. Burden

The burden of o-HCH and B-HCH after normalization is depicted
in Fig. 9. The AP of ¢-HCH is from 1945 to 1984, and the SP is for
1984—2020, whereas the AP of B-HCH is from 1945 to 1986, and the
DP is from 1986 to 2020. In the DP, the removal rate of f-HCH is
obviously slower than «-HCH. The phenomenon in DP is easy to
explain as B-HCH has longer half-lives in the environment. In the
AP, the increase rate of a-HCH and -HCH are similar, but the peak
of B-HCH is two years later than o-HCH, which is due to the
different physicochemical properties of these two isomers. Due to
smaller Kpa than B-HCH, a-HCH is more volatile and has more
percentage of the gas phase in the atmosphere available for LRAT to
enter the Arctic. On the other hand, the less percentage of gaseous
B-HCH in the atmosphere prefers to be sorbed in the ocean water
due to its much lower Kaw, resulting in a major pathway of LROT for
B-HCH to enter the Arctic, much slower than LRAT for a-HCH. Thus,
B-HCH was firstly accumulated in Source Zone's Oceans and then
transported to the Arctic Ocean through LROT. However, a-HCH was
directly transported to the Arctic through LRAT and accumulated in
the Arctic Ocean faster than f-HCH.

5.2. Sensitivity analysis and influence of chemical properties

As a pair of HCH isomers, the environmental behaviors of a-HCH
and B-HCH are widely compared [10,16,24] as they can represent
two kinds of POPs: “flyer” and “swimmer”. “Flyer” prefers long-
range transport through atmospheric circulation, whereas the
transport force of “swimmer” is provided by the ocean current.
According to the preview study [16], this difference is believed to be

mainly caused by the air—water partition coefficient (Kaw). With
the help of sensitivity analysis, this study further clarifies that the
differences in their fates result from the comprehensive effects of
their various properties.

5.2.1. Loading to the Arctic Ocean

Section 5.1.1 shows the loading difference that a-HCH mainly
through LRAT's way and B-HCH mainly through LROT's way has
been quantitatively compared. Fig. S4a shows the variance contri-
bution and direction of properties to the difference.

Surprisingly, half-life in soil (HLsej) is an important parameter
for a-HCH's both LRAT and LROT inflow pathways (45% and 46%,
respectively). A probable reasonable explanation is that most of the
HCHs deposited in the soil retained around 80% of a-HCH in the
Source Zone, according to the AMBBM 2.0. The half-life of «-HCH in
the soil would significantly affect its amount in the Source Zone and
thus the loading to the Arctic Ocean. Another parameter, HLwater, iS
also important for a-HCH's LROT loading to the Arctic Ocean as it
directly affects its concentrations in inflow ocean currents.

In Source Zone, soil only contained 60% B-HCH, thus HLgsq was
not so important as that for a-HCH. HLwater became the principal
factor influencing B-HCH's loading through LROT. The principal

Table 2
B-HCH vs. a-HCH loading to the Arctic Ocean.
o-HCH B-HCH
Flux (t) Percentage Flux (t) Percentage
Total 52300 100% 2690 100%
Gas—ocean exchange 30900 59% 301 11%
Gas wet deposition 5390 10% 147 5%
Deposition 11.7 0% 1.54 0%
Ocean current 11600 22% 1910 71%
River inflow 4420 8% 331 12%
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factor influencing B-HCH's loading through LRAT is Kaw (58%),
which is significantly higher than «-HCH (16%). The possible
explanation is as follows. According to a calculation, the main in-
fluence of Kaw on air—water exchange is volatilization, but its in-
fluence on absorption is weak for a-HCH and B-HCH. Because of the
very low Kaw value and abundant precipitation, B-HCH's deposition
in the Source Zone is highly influenced by gaseous wet deposition,
which is highly relative to Kaw value. Thus, the increase of Kaw can
both strengthen B-HCH's total deposition and weaken its volatili-
zation in the Source Zone. Then, B-HCH's Kaw-dependent air con-
centration in the Source Zone directly affects atmospheric Arctic
inflow. But for a-HCH, whose main deposition method is absorp-
tion, the increase of Kaw can only weaken the volatilization and has
little influence on deposition. This explanation can be supported by
the modeling result from AMBBM 2.0.

Although Kaw can influence the loading of a-HCH and B-HCH
through LRAT, it can hardly alter the loading of HCHs through LROT,
especially for B-HCH. The reason is that B-HCH's burden in the
ocean is far larger than in the air and the influence on the ocean
caused by air-water mass transfer is limited.

This study also evaluated properties' influence on the fraction of
loading through LROT, which equals LROT's loading/(LROT's
loading + LRAT's loading). For a-HCH, HLsej is no longer the main
influence factor, which indicates HLsgj's influence on LROT's
loading and LRAT's loading are close. Instead, Kaw becomes the
most important factor. By contrast, the main factor of f-HCH is the
HLwater, Which dominates f-HCH concentration in the ocean and
has little effect on air concentration because B-HCH has strong
solubility and is hard to volatile.

5.2.2. Re-emission from the Arctic Ocean

After the switching points of gas—water exchange, the volatili-
zation dominated the air—water exchange, and the re-emission
became the mainstream, leading to the Arctic Ocean becoming a
secondary emission source. After the switching points of ocean
currents, the direction of the net flux due to LROT changed from
loading to removal. As mentioned above, most of the a-HCH re-
emits through the LRAT's way, and the LROT's way dominates the
B-HCH. The variance contribution of each property is given in
Fig. S4b

HLwater and HLsgj) are the key parameters that affect the LROT's
re-emission for both chemicals because most of a-HCH and f-HCH
are all contained in ocean and soil (Fig. 7a). Comparing with a-HCH,
LROT's re-emission of B-HCH is more sensitive to HLyater. For LRAT's
re-emission, besides HLwater, Kaw iS another important factor
because the increase of Kaw will effectively enhance volatilization
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Fig. 9. Burden of a-HCH and B-HCH after normalization.
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from water. Finally, the properties' influence on the fraction of
LROT's re-emission is also estimated. Kaw is almost the only
parameter determining this fraction for both isomers. A reasonable
explanation is that HLwater and HLsej similarly influence the re-
emission through LRAT and LROT.

5.2.3. Burden in the Arctic Ocean

From the sensitivity analysis in Fig. S4c, it was found that HLwater
is the most important parameter determining the burden of o-HCH
and B-HCH in the Arctic Ocean.

5.3. Predictions for 2020—2050 and the influence of climate

Two scenarios are assumed to predict possible concentration
variation with the influence of climate change in the future. Sce-
nario 1 assumes in 2020—2050; meteorological data will keep the
same average values as in the past years; Scenario 2 is based on the
climate model's results on RCP 8.5 warming assumption [45—47],
where during 2020—2050, air temperature in the Arctic will in-
crease by 2 K, ocean temperature will increase by 1 K, Sea ice area
will decrease by 50%, rainfall will increase by 20%. The results are
given in Fig. 10. We found that the different climate factors in the
two scenarios considerably impact a-HCH and B-HCH's concen-
trations in the Arctic Ocean. a-HCH is more sensitive to climate
change, which causes a 1.5—46% decline of its levels in the Arctic
Ocean, while only a 0.3—16% decrease in the concentrations of f-
HCH due to climate change.

According to the predicted results by the model, in 2021, the
concentration of ¢-HCH in the Arctic Ocean is 2—3 times larger than
B-HCH. However, because f-HCH's removal rate is slower than o-
HCH, the concentration of B-HCH will finally exceed a-HCH (Sce-
nario 1: in 2041, Scenario 2: in 2036). In 2050, there will be
4.4-5.3 t of B-HCH and 1.8—3.4 t of the a-HCH left in the Arctic
Ocean.

6. Conclusion

In the present study, a Fugacity Level-IV box model (AMBBM
2.0) is developed to estimate the historical fate of B-HCH in the
Arctic, which is well verified by the monitoring data. This model
will advance our understanding of the environmental transport,
transfer, and fate of both B-HCH and a-HCH in the Arctic. The his-
torical burden of B-HCH was divided into two periods: accumula-
tion period (AP) and decay period (DP). In AP, the burden in the
Arctic Ocean increased, resulting from the continuous loading from
the Source Zone. In DP, the Arctic Ocean's burden of B-HCH de-
creases sharply. This study quantitatively expounds the difference



P-E Yang, R.W. Macdonald, H. Hung et al.

between a-HCH and B-HCH in the loading to, removal from, and
burden in the Arctic Ocean and reveals how chemicals' different
physical-chemical properties cause their different fate in the Arctic
Ocean. LRAT is the main pathway for a-HCH's entering and being
removed from the Arctic Ocean, while B-HCH entering and leaving
the Arctic mainly through the LROT, and the divergence of the
pathways is due to their different physical-chemical properties. It is
found that Kaw and the half-lives in water and soil are major pa-
rameters influencing the two chemicals' fate in the Arctic Ocean.
The influence of climate change is also considered in the model to
forecast B-HCH's burden in the future.
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