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Correlation between Global Emissions of (-hexachlorocyclohexane and Its Concentrations in the Arctic Air
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Abstract.  The mean air concentrations of (-hexachlorocyclohexane (HCH) in the Arctic responded quickly to the change of global (-HCH emissions from 1979 to the early 1990, and the air concentrations in the Arctic and global emissions of (-HCH are strongly correlated with correlation coefficient r2 = 0.90. The quick response and the strong correlation indicate that atmospheric long-range transport was the dominant pathway for (-HCH to enter arctic air before early 1990s. An equation is derived from the least-square equation to calculate the annual concentrations of (-HCH in arctic air from global annual (-HCH emissions between 1945 and 1990, and the results indicate that a reasonable estimate of historical air concentration of (-HCH in the Arctic can be inferred from the global emission data.
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1. Introduction

Technical hexachlorocyclohexane (HCH) and lindane are two formulations of organochlorine pesticide HCH,  and have been used throughout the world since 1940s. A total of eight HCH isomers have been identified in technical HCH. However, only the (-, (-, (-, (- and (-isomers are stable and these are the ones commonly identified in technical HCH. Generally, technical HCH contains the isomers in the following percentages (Kutz et al., 1991): (: 60‑70%, (: 5‑12%, (: 10‑12%, (: 6‑10%, and (: 3‑4%. Lindane contains more than 90% of (‑HCH (IRPTC, 1983). Only (‑HCH displays significant insecticidal properties. 

(-HCH is a prominent contaminant found in the Arctic, and is one of the most studied chemicals in arctic environmental research.  The chemical budget to the surface Arctic Ocean layer has been reconstructed for total HCH ((-HCH plus (-HCH) in the 1980s (Barrie et al., 1992), for (-HCH and (-HCH in the 1990s (Macdonald et al., 2000).  These estimates were made for the entire Arctic Ocean.  Historical budgets (1980 – 95) were estimated  for (-HCH and (-HCH in the North American Arctic Ocean (NAAO) (Li et al., 2002). Constructing a historical HCH budget is important since it can help to develop an understanding of the processes controlling the input, output and fate of this chemical as well as to identify knowledge gaps critical to prediction of future trends. To achieve this, however, is very difficult, due to the lack of data. The collection of arctic data was started at the end of the 1970s. One of the most important records is the historical concentration of HCHs in the arctic atmosphere. 

The relationship between the global technical HCH use trends and the concentration of (-HCH in the arctic atmosphere has been studied (Li et al., 1998). Two significant drops in global technical HCH usage were identified, one in 1983 when China banned the use of technical HCH, and another one in 1990 when both India and Soviet Union banned the use of technical HCH in agriculture. Significant drops in (-HCH concentration in arctic air were observed between 1982 and 1983, and again between 1990 and 1992 (Bidleman et al., 1995; Li et al., 1998). These two sharp decreases of air concentration of (-HCH in the Arctic seem to be the responses to the change of global technical HCH usage (Li et al., 1998).

Historical technical HCH usage and contamination consequences in the environment by this chemical have been reviewed by Li (1999a), and the global annual usage data have been gridded with a 1ox1o longitude/latitude resolution by using global cropland as a surrogate (Li, 1999b). Emission factors of (-HCH for spray and tilling events were distributed on a 1ox 1o longitude and latitude grid system. By combining emission factors and usage data, global gridded emission inventories have been created (Li et al., 2000). Based on the results of these works, this paper is to present the correlation between global emissions of (-HCH and its concentrations in arctic air, to derive an equation to calculate the annual concentrations of (-HCH in arctic air from its annual global emissions, and to discuss other possible sources of -HCH in arctic air.
2. Correlation between Global Emissions of (-HCH and its Concentrations in Arctic Air

Around 6 million t of (-HCH were used, and 4.3 million t were emitted to the atmospheric worldwide between 1945 and 2000 (Li, 1999b; Li et al., 2000). Annual global emissions of (-HCH between 1945 and 2000 are presented in Figure 1.
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Figure 1. Annual global emissions of (-HCH between 1945 and 2000.

Figure 2 shows the long-term trends of global emissions of (-HCH and its mean air concentrations in the arctic regions from 1979 to 1998. The trends shown here are similar to those shown in Li et al. (1998), which compared air concentrations with global technical HCH usage. Comparison of Figure 2 to Figure 1 in Li et al. (1998) shows a more correlated relationship of air concentrations with (-HCH emissions than technical HCH usage. 
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Figure 2. Global emissions of (-HCH (the left bars with shadow) and mean concentrations of (-HCH in the Arctic air (the right empty bars) from 1979 to 1998.
A plot of mean air concentrations of (-HCH in the Arctic versus global (-HCH emissions is shown in Figure 3. It indicates that global emissions of (-HCH and its mean air concentrations in arctic regions from 1979 to early 1990s are strongly correlated with correlation coefficient r2 = 0.90, and the least-squares line is

C = 4.31E + 83.4







(1)

where C is the air concentration (pg m-3), and E the emission (kt y-1). It is interesting to see that the diamonds in the figure scatter into three groups, the first one in the top of the figure, the second in the middle, and the third at the bottom. There are two gaps between these three groups, representing the two drops of both global emissions and air concentrations of (-HCH, one happened after 1983 and another after 1990.
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Figure 3. Correlation between global emissions of (-HCH and its concentrations in arctic air with r2 = 0.90. The least-squares line is given by Eq. (1).

3. Pathways of (-HCH to the Arctic

The quick response of (-HCH concentration in the Arctic air to the change of global (-HCH emission is the strongest evidence that atmospheric long-range transport provides rapid dispersion of (-HCH from its release point (mainly Asian) into the Arctic. The second piece of evidence is the relatively high concentrations of (-HCH in northern surface waters of the Pacific and in the Arctic Ocean (cold condensation), illustrates the importance of atmospheric transport especially in the early “ocean loading” stage (Li et al., 2002).  

Table 1 gives the percentages of input of (-HCH to the North American Arctic Ocean (NAAO) (Li et al., 2002). The table shows that in 1980 flow through the Bering Strait and atmospheric deposition were about equally effective in delivering -HCH to the NAAO, which accounts for about one quarter of the Arctic Ocean surface area.  Atmospheric deposition to the entire Arctic Ocean in the mid-1990s was estimated to be approximately half as great as loadings by ocean currents (Macdonald et al., 2000) and was probably more significant in the past when air concentrations were higher.  
The (-HCH may enter the arctic atmosphere through two major pathways. Atmospheric long-range transport can bring (-HCH directly from source region, and volatilization can transfer (-HCH from the Arctic Ocean to arctic air. Before the early 1990s, most of the (-HCH in arctic air was due to atmospheric long-range transport since the net air-sea exchange flux was deposition. The quick response and strong correlation of (-HCH air concentrations in the Arctic to the global (-HCH emissions indicate that atmospheric long-range transport was the main pathway for (-HCH to enter arctic air before the early 1990s.

However, this situation has changed since the early 1990s. The measured fugacity ratios (, eq 2) of (-HCH in the NAAO and Bering Sea were >1 around 1993-1994 (Jantunen and Bidleman, 1995; 1996), which indicates that the net flux of (-HCH was from sea to air. This change was supported by enantiomeric profiles in air, which showed that nonracemic -HCH from unfrozen areas of the ocean was undergoing volatilization (Jantunen and Bidleman, 1996). The situation for 1993-94 was recently reassessed using a new and somewhat lower value for the -HCH Henry’s law constant (see below), with the result that -HCH was significantly oversaturated ( > 1) in the Bering and Beaufort Seas and near air-water equilibrium in the Chukchi Sea and the Northern Canada Basin (Sahsuvar et al., 2002).  Thus, after the early 1990s sources of (-HCH in arctic air have been due to both atmospheric transport and volatilization from arctic waters. 
Table 1. Estimated Input of (-HCH to the North American Arctic Ocean,  (%)1 (Li et al., 2002).

	Year
	Bering Strait inflow
	Direct atmospheric deposition
	Snowmelt

	1980
	51.4
	42.7
	5.9

	1985
	62.4
	33.3
	4.3

	1995
	90
	-2.52
	12.5


1Total inputs during 1980, 1985 and 1995 by atmospheric processes and Bering Strait flow were 124, 92.5 and 54.3 t y-1, respectively.

2 The negative value indicates the air-sea gas exchange flux of (-HCH is volatilization.
The driving force for the reversal of the net flux of (-HCH in the beginning of 1990s is the decrease in atmospheric concentrations of (-HCH, while concentrations of (-HCH in water have declined at a much slower rate (Jantunen and Bidleman, 1995). In fact, it was the sudden decrease of global (-HCH emissions in 1990 that caused the decrease of (-HCH concentrations in the arctic atmosphere (see Figure 2), which reversed the net flux direction of (-HCH from air-to-sea to sea-to-air. 
The water-air fugacity ratio is given by (Jantunen and Bidleman, 1995)

( = fw/fa = (Cw/Ca)(H/RT)





(2)

where fw and fa are the fugacities in water and air (in pascals), Cw and Ca are the concentrations of dissolved and gaseous compounds in water and air (ng m-3), R is the gas constant (8.314 Pa m3 mol-1 K-1), T is the air temperature (K), and H the Henry's law constant (air-water partition coefficient, Pa m3 mol-1) at the temperature T of the surface seawater. Fugacity ratios of < 1 and > 1 indicate net deposition and volatilization, while a ratio = 1 implies air-water equilibrium according to Henry’s law (Jantunen and Bidleman, 1995):

(Ca / Cw)eq = H/RT






(3)

The most recent measurements of the -HCH Henry’s law constant in freshwater as a function of temperature give the relationship (Sahsuvar et al., 2002):

Log H = 10.13 (±0.29) – 3098 (±84)/T 




(4)

The Henry’s law constant at 0 oC from Eq. (4) agrees well with that measured by Jantunen and Bidleman (2000) and is about 1.7 times lower than the value determined by Kucklick et al. (1991), on which previous estimates of air-water gas exchange in the Arctic Ocean were based (Jantunen and Bidleman, 1995, 1996).  Using Eq. (4) and assuming a 21% salting-out effect in seawater of 35 psu salinity (Sahsuvar et al., 2002), the Henry’s law constant for -HCH in seawater at 0 oC is 0.074 Pa m3 mol-1.

 Before early 1990s, even though there was a large amount of (-HCH entering the NAAO from the Pacific Ocean via the Bering Strait, the portion of (-HCH entering the arctic atmosphere via long-range transport from  source regions was still playing a prominent role (Table 1) and the net flux of (-HCH was deposition (( < 1). After early 1990s, the amount of (-HCH entering the arctic atmosphere via long-range transport has been significantly reduced to a point such that ( ≥ 1, and the -HCH in surface water has been at equilibrium or oversaturated with respect to atmospheric concentrations.

Concentrations of (-HCH in the  surface water of the Bering and Chukchi seas were measured in the summer of 1993 and two additional stations in the Chukchi were sampled in 1994 (Jantunen and Bidleman, 1996). Combined data from two years measurements show that, in the upper 40 m of seawater over the entire Bering-Chukchi  region, the average concentration was 2020 ( 380 ng m-3 (Jantunen and Bidleman, 1996). This is 2-5 times higher than the surface water concentrations in the Barents Sea and eastern Arctic Ocean (Harner et al., 1999) and about 0.5-0.8 times the concentrations in the Beaufort Sea and Northern Canada Basin (Sahsuvar et al., 2002).  Only the unfrozen portions of the Arctic Ocean are likely to participate effectively in gas exchange with the atmosphere.  This area varies seasonally, but probably includes the Bering-Chukchi seas, Canadian Archipelago and regional seas and lower portions of the eastern Arctic Ocean.  The Beaufort Sea and high arctic regions are mainly ice covered.

Applying a Henry’s law constant of 0.074 Pa m3  mol-1 at 0 oC gives an air concentration in equilibrium with surface water of 66 pg m-3 in the Bering-Chukchi seas.  A lower equilibrium value of 33 pg m-3 is obtained by equilibration with air over the eastern Arctic Ocean, where the concentration of -HCH in surface water is about 1000 ng m-3. (Harner et al., 1999). Measured concentrations in arctic air varied from about 60 – 110 pg m-3 in 1992-94 depending on the study (Figure 2:  note that there are many relevent publications in this time period:  Halsall et al., 1998; Jantunen and Bidleman, 1995, 1996; Oehme et al., 1995, 1996).  Concentrations of (-HCH at Alert varied from 60-61 pg/m3 in 1993-94 and decreased to 47 pg/m3 in 1997, with an estimated time for 50% decrease of 10-16.9 y (Hung et al., 2002).  A similar decline from the early to mid-1990s was recorded at a temperate site in Lista, Norway (Haugen et al., 1998).  
The intercept (83.4 pg m-3) of Eq. (1) can be interpreted as the background air concentration in the Arctic, which can be compared with the predicted 33 - 66 pg m-3 air concentration of (-HCH in equilibrium with Bering-Chukchi or eastern Arctic Ocean water in the 1990s.   The linear relationship in Figure 3 indicates that the concentrations of -HCH in arctic air were dominated by primary emissions.  Fugacity ratios within a factor of 2 of equilibrium values imply that today the arctic atmosphere is undergoing a transition to being buffered by secondary emissions from arctic waters, and perhaps also air-surface exchange with (-HCH reservoirs in the temperate ocean and soils (Koziol and Pudykiewicz, 2001; Wania et al., 1999).  

The concentrations and composition of -HCH in arctic air reflect this transition.  On a transect from the Bering Sea across the polar cap to the Greenland Sea in 1994, concentrations of -HCH in air were elevated over open water compared to ice-covered areas (Jantunen and Bidleman, 1996).  Over unfrozen areas, nonracemic -HCH was found in air which reflected the enantiomer composition in surface water, while over ice-covered regions and land the -HCH in air was racemic due to predominently long-range transport contributions (Harner et al., 1999; Jantunen and Bidleman, 1996; Wiberg et al., 2001). 

Even after global (-HCH emissions approach zero, a background concentration of (-HCH will remain in arctic air and decline slowly as levels in seawater dissipate. This is suggested by the slow decline of -HCH in arctic air, noted by Hung et al. (2002).

4. Historical Air Concentration of (-HCH in the Arctic 

Eq. (1) is derived by using the data between 1979 and 1996. In order to calculate the air concentration of (-HCH in the Arctic  from global emissions before 1979, this equation is not very accurate. By assuming the background value decreases linearly from 83.4 pg m-3 in 1979 to zero in 1945 when there was no any -HCH in arctic air since -HCH was not used in anywhere of the world, a modified equation is proposed for the calculation of air concentration of (-HCH in the Arctic prior to 1980:

            C = 4.31E + 2.46(Y-1945)






(5)

where Y is the year between 1945 and 1978. The concentrations of (-HCH in arctic air calculated from the annual global emissions using Eq. (5) for 1945-78 and Eq. (1) for 1979-96 are presented in Figure 4, and the measurement data in the arctic atmosphere are also presented for comparison. The calculated emissions fit the measurement data very well between 1979 and 1990, but deviate somewhat after 1990 where an almost constant air concentration of (-HCH was appeared even though the global (-HCH emissions kept decreasing. 

5. Conclusion

The air concentrations of (-HCH in the Arctic responded quickly to the change of global (-HCH emissions from 1979 to the early 1990, since these two parameters were strongly correlated during this period of time. 
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Figure 4. The concentrations of (-HCH in Arctic air calculated from the annual global emissions using Equation (1) for the years between 1980 and 1996 and Equation (5) for the years between 1945 and 1980 (curve). Measurement data (bars) in the Arctic atmosphere are also presented for comparison.

The quick response and the strong correlation indicate that atmospheric long-range transport was the major pathway for (-HCH to enter the Arctic before early 1990s, and has played a dominant role in air-water exchange. After early 1990s, the situation has changed substantially. The decrease of (-HCH emissions brought the system to steady state and in some locations reversed the direction of the net flux of (-HCH from air-to-sea to sea-to-air and the Arctic Ocean became a source of (-HCH. Since then, the air concentrations of (-HCH in the Arctic have not responded to the change of global (-HCH emissions anymore. Stable (-HCH concentrations in arctic air are expected in the future since the (-HCH concentration in air will be buffered by equilibration with arctic seawater, in which (-HCH concentrations are decreasing slowly. 

The correlation between air concentrations of (-HCH in the Arctic and global (-HCH emissions before the early 1990 was so strong that air concentrations of (-HCH in the Arctic can be estimated from the data of global (-HCH emissions with a high accuracy between 1979 to the early 1990s. Most importantly, this gives the estimation of air concentrations of (-HCH in the Arctic before 1979 when the monitoring data are not available, which could be crucial for modelers to calculate the historical mass balance of (-HCH in the Arctic Ocean.
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