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Abstract 12 

This study presents measurements of gaseous elemental mercury (GEM) concentrations in the 13 

80 meters of firn air at the international drilling site of NEEM in Greenland (2452 m, 77°25.8 14 

N, 51°06.4 W). Using inverse modeling, we were able to reconstruct the atmospheric GEM 15 

trend at this Arctic site over the last 60 years. We show discrepancies between this record and 16 

the previous firn record of Summit. This could be attributed to experimental biases and/or 17 

differences in air mass transport. A multisite inverse model was used to derive an atmospheric 18 

scenario reconciling the two firn records. We show that GEM seasonal variations are very 19 

limited at these high altitude sites and thus probably unaffected by spring/summer 20 

photochemistry. The firn reconstructions suggest an increase of GEM concentrations since the 21 

1950s peaking in the late 1960s and early 1970s. A decrease is then observed with minimum 22 

GEM concentrations around 1995-2000. The reconstruction compares well with historical 23 

mercury (Hg) releases and recent simulations of atmospheric Hg. Our optimal GEM scenario 24 

does not allow to categorically conclude on recent trends for GEM concentrations over the 25 

2000-2010 decade.  26 

 27 
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1 Introduction 1 

The Arctic troposphere receives mercury (Hg) through air mass transporting anthropogenic 2 

emissions (mining, fuel combustions) from Asian, Northern American and European sources 3 

(Durnford et al., 2010). Hg mainly reaches the arctic troposphere as gaseous elemental 4 

mercury (GEM), as it has a longer atmospheric lifetime than other Hg species. GEM is also 5 

emitted by  evasion from the Arctic Ocean (Dastoor and Durnford, 2013) and by re-emission 6 

of deposited Hg from snow and ice surfaces (Durnford and Dastoor, 2011). The oceanic Hg 7 

source, fed by circumpolar riverine inputs, was recently shown to dominate at coastal Arctic 8 

sites, where it could cause a summertime atmospheric GEM maximum (Fisher et al., 2012).  9 

Atmospheric GEM concentrations in the Arctic troposphere are one of the key parameters that 10 

controls Hg deposition. How the Arctic atmosphere responded to historical changes in 11 

anthropogenic emissions is an important question to answer in order to understand the 12 

present-day biogeochemical cycle of Hg in the Arctic. This understanding is also a 13 

prerequisite for predicting how the Hg cycle will be affected by future Hg emission policies 14 

(e.g. the Minamata Convention).  15 

The longest monitoring record of atmospheric GEM in the Arctic began in 1995 at Alert 16 

(82°N, Canada) and revealed important seasonal variations (Cole and Steffen, 2010; Steffen et 17 

al., 2008). The High Arctic springtime atmosphere is characterized by extremely low GEM 18 

values (<1 ng.m
-3

) due to a photochemically-driven rapid oxidation process involving 19 

bromine, while summer months exhibit a return to higher GEM values (~2 ng.m
-3

). The so-20 

called springtime atmospheric mercury depletion events (AMDE) are an important pathway 21 

by which atmospheric GEM can be converted into more labile species (Larose et al., 2011). It 22 

delivers large quantities of oxidized mercury (Hg(II)) on environmental surfaces for a short 23 

period of time (Douglas et al., 2012). Hg(II) species are susceptible to photoreduction and a 24 

fraction – which is large in the case of seasonal terrestrial snowpacks – is rapidly reemitted 25 

back to the atmosphere as GEM (Poulain et al., 2004). The air monitoring records at Alert and 26 

at Zeppelin station (79°N, Svalbard) show either slowly declining or stable GEM levels in the 27 

past decade (Berg et al., 2008; Berg et al., 2013; Cole and Steffen, 2010; Cole et al., 2013). 28 

These observations, as well as others from sub-Arctic sites (Cole et al., 2013), appear to 29 

contradict rising global Hg emission trends (Streets et al., 2011). However, recent modeling 30 

studies have highlighted the potentially important role played by the ocean (Chen et al., 2015; 31 

Soerensen et al., 2012) in modulating atmospheric GEM levels (Fisher et al., 2013). 32 
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An indirect method to reconstruct long-term trends in atmospheric gases consists of 1 

measuring their concentration profile in the interstitial air (also called firn air) of the upper 2 

layers of polar ice sheets (e.g. Schwander et al., 1993; Witrant et al., 2012). Applying this 3 

method at Summit in central Greenland, Faïn et al. (2009) reconstructed a history of Arctic 4 

GEM levels over 60 years. Their measurements revealed that atmospheric GEM 5 

concentrations peaked in the 1970s and were in line with global Hg production. In this paper, 6 

we present GEM measurements obtained in the upper 80 m of the northeastern Greenland ice 7 

sheet cap at the international drilling site NEEM (North Greenland Eemian Ice Drilling). 8 

Using a new and robust modeling approach, we are able to propose a new atmospheric 9 

scenario of GEM for the last 60 years. GEM data obtained at Summit (Faïn et al., 2009) are 10 

re-evaluated and compared to our results.  11 

2 Firn air sampling and GEM analysis 12 

GEM measurements were carried out during the NEEM program from July 16
th

 to July 29
th

, 13 

2009. The NEEM site is situated in northeastern Greenland (Figure 1) at an altitude of 2452 14 

meters above sea level. Experiments were conducted 1.8 km away from the main camp 15 

(77°25.8 N, 51°06.4 W). 16 

The sampling of firn air was first documented by Schwander et al. (1993). Here we describe a 17 

modified setup for the extraction of large samples using a Firn Air Sampling Device (FASD). 18 

Drilling progressed stepwise with sampling at intervals of 10 m until the beginning of the 19 

lock-in zone (at ~60 m, (Buizert et al., 2012)). The lock-in zone is the firn region where air 20 

bubbles begin to be trapped in the ice matrix and vertical gas diffusion significantly slows and 21 

eventually stops. In the lock-in zone, drilling was made at intervals of 1 to 3 m. At each 22 

sampling level the drill was withdrawn and the hole sealed close to the bottom with a 3 m 23 

long inflatable butyl rubber bladder. A pumping system from CSIRO (KNF N286.15 24 

Diaphragm compressor, 15-25 l/min) inflated the bladder to 90-150 kPa with air drawn from 25 

the firn and monitored its pressure. Two continuous, 100 m long, 3/8 inch Nylon (type 12; 26 

Watsford Tubetech, Nunawading, Victoria, Australia) tubes passed through the bladder, 27 

connecting the pumping system at the surface to the bottom of the hole. Sampled air was 28 

drawn through both tubes and flasks were filled for later trace gas concentrations and isotopic 29 

ratios analysis. The quality of the sampling was checked at each level after inflating the 30 

bladder, and at the end of the measurements. A CO2 analyzer (Sick-Maihak 710) was used to 31 

detect possible leaks from the bladder or tubes, and to verify the complete removal of modern 32 
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air introduced in the hole when drilling and lowering the bladder. It also provided an 1 

indication of the mean age of the air, and whether air flowed from adjacent firn layers (with 2 

different ages) during pumping. The variations in CO2 concentrations at each level between 3 

measurements were relatively small, typically decreasing by less than 2 ppmv during sampling 4 

at each level, depiste pumping a total air volume of 1000-2000 L.  5 

GEM concentrations in the firn air were measured online. An additional Teflon pump 6 

(Vacuumbrand MZ2NT) and the GEM analyzer were connected to the FASD. System 7 

components were tested in the lab during construction of the FASD for their effect on GEM, 8 

for instance the Nylon tubing, which was found to have no effect. All components were steam 9 

cleaned and baked in an oven before assembly. These parts of the system were leak-tested, 10 

and several blanks of the FASD line were realized using GEM-free air produced by an 11 

activated charcoal cartridge. Two sources of contamination were noticed during blank tests at 12 

NEEM before proceeding: a needle valve, which was subsequently removed, and the Nylon 13 

tubing when exposed to direct sunlight. Shading the tubing reduced the GEM blanks to below 14 

detectable levels. The system used during this campaign did not show any evidence of GEM 15 

contamination, while the previous study of Summit (Faïn et al., 2009) had to account for 16 

positive blanks, that were subtracted from the measurements. GEM collection and analysis 17 

were performed using a 2537A gas phase Hg analyzer (Tekran® Instruments Corporation). 18 

This instrument uses gold-amalgamation, thermal desorption in a pure argon stream and Hg 19 

detection by Atomic Fluorescence Spectrometry (AFS) at 253.7 nm. Two parallel gold 20 

cartridges allow alternate sampling and desorption, resulting in continuous measurement of 21 

GEM on a pre-defined time base. The analyzer was operated with a 5-min sampling frequency 22 

and the pre-filtered (0.2 µm PTFE filters) air was sampled at a flow rate of 1 L.min
−1

. At each 23 

sampling depth, we continuously measured GEM for at least 55 min and up to 150 min 24 

depending on the field schedule. GEM concentrations in the firn were very reproducible at a 25 

given depth, with a relative standard deviation less than 5% (except at depth 73 m and 75 m 26 

where the standard deviations were 9% and 7% respectively). The analyzer was calibrated 27 

before each measurement using the internal permeation source. An external calibration with 28 

Hg vapor injections was performed in the laboratory before the field work. Under these 29 

conditions, the relative uncertainty of the instrument on one measurement was better than 0.1 30 

ng.m
−3

.  31 
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GEM concentration at two meters above the snow surface were periodically measured during 1 

the firn air experiment with a 5-min resolution. After the firn air experiment, continuous 2 

atmospheric GEM measurements were made for 6 days providing an estimate of mean surface 3 

levels.  4 

3 Firn air modeling for mercury 5 

3.1 Laboratoire de Glaciologie et Géophysique de l’Environnement and 6 

Grenoble Image Parole Signal Automatique (LGGE-GIPSA) model  7 

Firn is an open porosity medium where atmospheric gases move mainly by diffusion. Its 8 

density increases from the surface to the firn-ice transition, and the firn diffusivity decreases 9 

in consequence. Variations of atmospheric GEM concentrations occurring at the surface 10 

propagate into the firn by molecular diffusion, gravitational settling and advection (due to the 11 

fact that the firn sinks progressively as snow accumulates). The physics of our model are 12 

described in detail in Rommelaere et al. (1997) and Witrant et al. (2012). Model evaluation 13 

through an international model comparison is presented in Buizert et al. (2012). Site specific 14 

description of firn diffusivity calculations can be found in Witrant et al. (2012) and in 15 

Zuiderweg et al. (2013) for Summit and NEEM 2009 respectively. Using in turn the 16 

diffusivity profiles tuned to trace gas and gas isotopic measurements at each of the firn air 17 

pumping operations performed at NEEM in 2008 and 2009 (Note: GEM measurements are 18 

only available for the NEEM 2009 experiment) had no significant influence on the results (see 19 

supplementary Figure S4). 20 

Two GEM specific physical constants are used in the gas transport model: its atomic 21 

weight (200.59 g.mol
-1

) and its relative diffusion coefficient in air with respect to CO2. Based 22 

on GEM diffusion coefficient measurements (Lugg, 1968; Massman, 1999), CO2 diffusion 23 

coefficient measurements (Massman, 1998; Matsunaga et al., 1998) and the calculations from 24 

Chen and Othmer (1962) discussed in Buizert et al. (2012), a range of 0.822-0.868 was 25 

obtained for the GEM/CO2 diffusion coefficient ratio. The value of 0.868 derived from Chen 26 

and Othmer (1962) is used below, and a sensitivity test using 0.822 had only a small impact 27 

on the results (see supplementary Figure S4). 28 

Inverse modeling of gas transport in the firn is required to reconstruct an atmospheric 29 

time trend from concentration vertical profiles. It is a mathematically under-determined 30 

problem, which means that it has several possible solutions (Rommelaere et al., 1997). We 31 
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use the most recent version of the LGGE-GIPSA model (Witrant and Martinerie, 2013) in 1 

which the optimal solution is determined using the cross-validation statistical method. The 2 

concentrations are forced to be positive using a log barrier method (Boyd and Vandenberghe, 3 

2004). Imposed positivity of concentrations mostly improves the results for recently emitted 4 

anthropogenic compounds with null concentrations in deep firn (e.g. Laube et al., 2014). 5 

Recent reconstructions of CO (Petrenko et al., 2013) and light alkanes (Helmig et al., 2014) 6 

with the LGGE-GIPSA model are interesting to compare with the present GEM 7 

reconstructions because all these datasets show peak shapes in the deep firn, and a good 8 

consistency between several Greenland sites was obtained for CO and light alkanes.  9 

3.2 Age distribution in the firn 10 

Due to mixing by molecular diffusion, the GEM atoms found at a given depth in the firn 11 

have different ages. Using a Dirac function as input, the forward model calculates an age 12 

distribution (or Green’s function) for a given gas at each depth in the firn (Rommelaere et al., 13 

1997). Table 1 and Figure S1 (Supplementary Information) show the estimated mean age of 14 

GEM (±1σ) in the firn at NEEM and Summit. Ages increase slowly in the upper part of the 15 

firn, then rapidly in the lock-in zone (where most of air bubbles close) and diffusion 16 

effectively ceases. Diffusional smoothing results in increasing gas age distribution with depth, 17 

mainly above the lock-in zone. The age distribution stabilizes in the lock-in zone where 18 

diffusion becomes negligible and advection with the ice dominates. The overlap between 19 

possible gas age distribution at two successive sampling depths (especially in deep firn) 20 

implies that GEM measurements are auto-correlated and that the firn acts as low-pass filter. 21 

The model interprets irregular concentration variations in firn either as large variations in the 22 

atmosphere or as noise. The optimal solution is chosen using a statistical analysis of the signal 23 

by a cross-validation method. The depth where closed porosity over total porosity reaches 0.5 24 

is 78.6 meters for Summit and 76 meters for NEEM. It means that ~50% of the gas becomes 25 

unavailable for pumping at these depths because it is trapped in closed bubbles. Mean GEM 26 

ages at these depths are 43.6 years for Summit and 67.5 years for NEEM.  27 

3.3 Hg physico-chemical behavior in the firn  28 

The calculations of GEM age distributions in the firn presented above and their use to 29 

infer past atmospheric GEM variations implicitly assume that GEM concentrations in the firn 30 

are not modified by chemical reactions or physical interaction with snow and ice surfaces. 31 
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While GEM is weakly adsorbed on ice surfaces (Bartels-Rausch et al., 2008), it can be 1 

photochemically produced or oxidized in the seasonal snowpack (Lalonde et al., 2002; 2 

Poulain et al., 2004). We cannot rule out that these reactions occur in the NEEM snowpack, 3 

but their effects are probably limited to the top layers of the firn. Faïn et al. (2008) showed 4 

that in central Greenland, these processes occur only during a limited period in summer. At 5 

NEEM, the consistency of GEM concentrations at depths of 20, 30 and 40 m where the air is 6 

< 5 years old (respectively 1.39, 1.34 and 1.39 ng.m
-3

) with the measured mean surface 7 

atmospheric GEM concentration (1.38 ± 0.10 ng.m
−3

 , n=327) suggests that the influence of 8 

near-surface reactions on GEM is limited and within the measurement uncertainty. However, 9 

long-term measurements of GEM in the atmosphere and in the snowpack and firn are needed 10 

to firmly establish whether near-surface photochemical processes have any significant 11 

influence on the GEM signal that is stored in the firn air.  12 

4 Results 13 

4.1 GEM concentrations in firn air and in the atmosphere at NEEM 14 

GEM concentrations measured at 14 depths in the firn at NEEM are presented in Figure 15 

2. Average GEM concentrations at these depths varied between 0.85 and 1.39 ng.m
−3

 with 16 

maximum levels found in the upper layers and between 67 and 73 m. The mean surface 17 

atmospheric GEM concentration was 1.38 ± 0.10 ng.m
−3 

(n=327) during the 6 days of 18 

sampling.
 
Figure 2 also shows measurements made both in firn air and in the atmosphere at 19 

Summit Greenland in 2006 (Faïn et al., 2009). 20 

Due to gravitational settling, gases having a higher atomic or molecular weight than air 21 

show enrichment with depth in firn. This effect is enhanced for GEM due to its high atomic 22 

weight. It can be illustrated by using a GEM constant concentration as input to the forward 23 

firn model. On Figure 2, the (constant) atmospheric concentrations are adjusted in order to fit 24 

the upper firn GEM data at Summit and NEEM. For Summit, an atmospheric level of 1.7 25 

ng/m
3
 can fit the firn air data within uncertainties down to 66 m depth (corresponding to gas 26 

ages between 1997 and 2006.4). For NEEM, an atmospheric GEM level of 1.38 ng/m
3
 can fit 27 

the firn air data down to 50 m depth (corresponding to gas ages between 1997 and 2004.5). 28 

The consistency of model results with upper firn GEM data at both sites using constant 29 

atmospheric concentrations indicates no significant GEM trend over a decade preceding the 30 

firn air pumping (see Table 1).  31 
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The low variability of GEM concentrations in the upper 30 meters of the firn also 1 

suggests a small seasonal variation for atmospheric GEM. Measurements of atmospheric 2 

GEM at Summit made over several weeks in spring and summer, confirm this (Brooks et al., 3 

2011)(Fain et al. personal communication). A large seasonal pattern (such as the one observed 4 

at Alert) would induce steep concentration gradients in the upper 30 m meters of the firn, as 5 

observed for CO and light alkanes (e.g. Helmig et al., 2014; Petrenko et al., 2013; Wang et 6 

al., 2012). Below 40 m depth, firn air concentrations reflect an averaging of the atmospheric 7 

signal over more than a year due to diffusional mixing.  8 

The different atmospheric mean GEM concentrations (1.7 versus 1.38 ng/m
3
) at the two 9 

sites however suggest a discrepancy between the two firn air pumping experiments and/or a 10 

difference in the air masses reaching those sites.  11 

4.2 Single site atmospheric scenarios 12 

Figure 3 shows the optimal inverse model GEM scenarios that result in the fit with the 13 

NEEM and Summit firn data, respectively. Different scenarios were tested to find the optimal 14 

solution, as discussed in Wang et al. (2012) and these are presented in Figure S2. The root 15 

mean square deviations between model results and data (RMSDmodel−data) for the different 16 

scenarios are provided in Table S1. Scenarios with the smoothest GEM variations induced 17 

important mismatches between simulated and measured GEM profiles in firn, whereas 18 

scenarios with the largest GEM variations required unrealistically large atmospheric 19 

variations to match minor features in the data.  20 

The optimal scenarios for Summit and NEEM show similar patterns with an increase of 21 

atmospheric GEM concentration after the 1950’s and an atmospheric GEM concentration 22 

maximum in ~1970. However, the firn measurements and the single site scenario 23 

reconstructions both indicate that there are inconsistencies between the Summit and NEEM 24 

datasets. Compared to NEEM, the more pronounced peak shape of the Summit firn air GEM 25 

in the 1970s requires larger atmospheric GEM variation in the corresponding optimal 26 

scenario. Our optimal scenario for Summit is similar to the one obtained by Faïn et al. (2009) 27 

using a Monte-Carlo method, although the ~1970 peak amplitude is sensitive to the choice of 28 

the inverse model solution (Figure S2). In contrast, the optimal atmospheric GEM scenario 29 

inferred from the NEEM firn air suggests only minor atmospheric GEM variations since 1950 30 

when taking into account the experimental uncertainty.  31 
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4.3 Multi-site scenario reconstructions 1 

Constraining the atmospheric trend with both Summit and NEEM data sets leads to a 2 

poor match of the firn data (see upper panels of Figure 4). Consequently, RMSDmodel−data 3 

strongly increases (see Table 2) and leads to a large uncertainty envelope. Simple attempts to 4 

reconcile the two records were made by subtracting a constant value from the Summit GEM 5 

data and multiplying the Summit GEM data by constant value. The subtraction method led to 6 

a minimum RMSDmodel−data value when decreasing the Summit data by 0.78 ng.m
-3

 (see Table 7 

2 and Figure S3), but the resulting low upper firn values are likely inconsistent with 8 

atmospheric GEM data. Better results, both in terms of RMSDmodel−data and Summit upper firn 9 

results are obtained by multiplying the Summit GEM data by 0.6 (see Table 2 and lower 10 

panels of Figure 4). This acceptable scenario is close to what we obtain using the single site 11 

model on NEEM data (Figure 3).With this configuration, GEM peaks around 1970 (1.42-1.96 12 

ng.m
-3

) and would be minimal in 1998 (range 0.94-1.15 ng.m
-3

). GEM levels in the 1940s 13 

would be in the 0.55-1.06 ng.m
-3

 range. However the origin of such a difference in GEM data 14 

between Summit and NEEM remain to be explained. It is discussed in the following sections. 15 

5 Comparing the different factors influencing atmospheric GEM signals 16 

recorded in the Arctic 17 

Possible explanations of the differences between NEEM and Summit data are geographical 18 

variations, experimental bias, and atmospheric reactivity.  19 

Atmospheric GEM measurements were conducted during different and short time periods and 20 

the instrumental configuration differ from one site to another. Atmospheric GEM was 1.38 ± 21 

0.10 ng.m
-3

 at NEEM 2009 during the field campaign while mean GEM was 1.77 ± 0.20 22 

ng.m
-3

 at Summit in 2006 (Faïn et al., 2009). Brooks et al. (2011) showed average values of 23 

1.31 ± 0.21 ng.m
-3

 (13 May – 15 June 2007) and of 1.45 ± 0.11 ng.m
-3

 (6 June – 17 July 2008) 24 

at Summit. Lastly, a recent campaign at Summit from May 31 to August 2009 showed an 25 

average GEM concentration of 1.35 ± 0.13 ng.m
-3

 (Fain et al, personal communication). As 26 

discussed elsewhere (Slemr et al., 2015), GEM measurements made using different Tekran 27 

2537A can show an average systematic uncertainty of 10 to 20%. From those partial data set, 28 

measurements of GEM of Summit 2006 could be biased high as compared to other studies.  29 

Relatively short-lived atmospheric species such as GEM may display large geographic 30 

variations across the Arctic (Helmig et al., 2014). Summit (72°35′″N, 38°28′W, 3216 m 31 

altitude) and NEEM (77.45°N 51.06°W, 2452 m altitude) are ∼650 km distant and their 32 
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altitudes differ by more than 700 m, thus the dominant transport pathways of GEM to both 1 

sites could differ. Atmospheric transport to Summit is different from High Arctic sites (Alert, 2 

Zeppelin) due to its high altitude and remoteness from coastlines. Hirdman et al. (2010) 3 

showed that the composition of air at Summit is not representative of the Arctic boundary 4 

layer, but rather of the free troposphere. Summit is also strongly influenced by air transported 5 

from North America, particularly in summer (Kahl et al., 1997). In contrast, Steen-Larsen et 6 

al. (2011) suggested that air mass reaching NEEM originate primarily from the Arctic, the 7 

Baffin Bay area (West of Greenland). More recently, continuous monitoring of the surface 8 

water vapor isotopic composition at NEEM highlighted the predominance of Arctic air 9 

masses and revealed some events where the moisture originates from the evaporation at the 10 

Arctic sea-ice margin areas east of Greenland (Steen-Larsen et al., 2013). These finding 11 

suggest that the NEEM GEM record is more reflective of Arctic air masses than the Summit 12 

record, and differences between the two could be at least partly explained by contrasted 13 

airsheds.  14 

As suggested by the absence of seasonal variation of GEM in the upper firn at NEEM (see 15 

section 4.1), NEEM site is however different from what is observed at Alert or Zeppelin. 16 

NEEM is likely preserved from the influence of AMDEs in springtime and summer GEM 17 

evasion from snow or the Arctic Ocean in summer.  18 

This is an important result highlighting the benefit of conducting future studies in high 19 

altitude sites in order to understand the GEM background signal of the Arctic troposphere. In 20 

particular, year-round GEM measurements at the permanent Summit station during a few 21 

years before a new firn air pumping would provide a way to cross check the mean annual 22 

atmospheric GEM and concentrations at intermediate depths (~30-60 m) in the firn. Such 23 

measurements would strongly improve our understanding of the link between GEM 24 

concentrations at Arctic low-altitude sites and sites representative of free tropospheric 25 

conditions. 26 

6 Implications for the atmospheric GEM history in the Arctic 27 

As shown on Figure 5, our optimal atmospheric GEM scenario is consistent with both 28 

historical anthropogenic Hg emissions and atmospheric Hg concentrations simulated by a 29 

fully coupled global biogeochemical box model presented in Horowitz et al. (2014).  30 

Our optimal scenario show an increase of GEM concentrations during the 1950s and 1960s 31 

which can be primarily related to the global rise in Hg emissions after the Second World War 32 
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(Faïn et al., 2009; Streets et al., 2011). At NEEM, GEM concentrations were maximal in 1 

1965-1971 and minimal in 1995-1998. This is consistent with trends of global Hg releases to 2 

air that show  maxima of emissions to air in 1970 due to open-air waste burning and a 3 

subsequent decrease due to environmental regulations in North America and Europe 4 

(Horowitz et al., 2014). 5 

The recent study of an ice-core drilled at NEEM in 2010 revealed a higher net rate of 6 

atmospheric deposition of total Hg (the sum of all oxidized species of Hg, where GEM is 7 

therefore not included) from late 1980s and late 1990s as compared to the onset of the 20
th

 8 

century (Zheng, 2015). This higher deposition rate is also reflected in the Penny ice cap total 9 

Hg record (Zdanowicz et al., 2015) in northern Canada on the west side of the Baffin bay. The 10 

coincidence of the GEM minimum at NEEM and the maximum of total Hg deposition in the 11 

ice-cores in the 1990s is striking in a context where global Hg emissions decreased from 1970 12 

to 2000. Among several potential explanations, the declining sea-ice in this region and a 13 

potential promotion of halogen radicals leading to an increased conversion of GEM to 14 

depositable Hg species should be more investigated as proposed by others (Zdanowicz et al., 15 

2015). Although total Hg and GEM have different chemical properties, life-times and sources, 16 

future studies should try to co-investigate those two fractions of atmospheric Hg in archive 17 

records. 18 

After the GEM minimum around 1995-1998, the optimal scenario suggests increasing 19 

atmospheric GEM concentrations until 2010 that are consistent with the recent increase of 20 

anthropogenic Hg releases in Asia and global tropospheric Hg simulations (Horowitz et al., 21 

2014). However, considering the experimental uncertainty and the adequate matching of the 22 

upper firn data with constant atmospheric scenarios (see section  4.1 and Figure 2), this 23 

optimal scenario should be taken with caution. A constant atmospheric GEM trend for the last 24 

10 years preceding the firn record would be also a plausible alternative that is comprised 25 

within the upper and upper bounds of scenarios in Figure 5. 26 

Our result participates in the actual debate regarding recent atmospheric GEM trends. While 27 

Horowitz et al. (2014) obtain an increase of atmospheric GEM at a global scale in response to 28 

the recent increase of global Hg releases to air, a decrease of atmospheric GEM is observed 29 

over the period 1995 to 2010 at Alert (Cole and Steffen, 2010; Cole et al., 2013). At Zeppelin, 30 

atmospheric GEM do not show any clear trend over the period 2000-2009 (Berg et al., 2013; 31 

Cole et al., 2013). Using the NEEM record, we cannot firmly conclude on recent GEM trends 32 
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in the Arctic. We can solely suggest that the sharp increase of the simulated global 1 

tropospheric Hg using most recent global inventories and Hg releases to the air (Horowitz et 2 

al., 2014) is not as clearly reflected in the GEM record at NEEM. It also suggests that 3 

atmospheric GEM trends in the Arctic cannot be solely linked to anthropogenic emissions and 4 

that the role of GEM sinks and natural sources have to be more carefully considered. For 5 

instance, Chen et al. (2015) suggest a decline of Hg in the Arctic surface ocean over the 6 

period 2000-2009. This decline may lead to decreasing natural GEM emissions from the 7 

Arctic surface ocean although the influence of some environmental drivers (such as 8 

temperature, sea-ice cover) should be taken into account. An increasing number of studies 9 

suggest that sea-ice and the Hg cycle could be linked (Chen et al., 2015; Fisher et al., 2013; 10 

Point et al., 2011; Stern et al., 2012; Zdanowicz et al., 2015). Therefore, the role of 11 

climatological variables such as the sea-ice extent (coupled with the role of the ocean) should 12 

be more deeply investigated in the future given the rapid changes of sea-ice extent observed in 13 

the Arctic (Cavalieri and Parkinson, 2012).  14 

Given the lack of current understanding of the Hg cycling in particular in polar regions, we 15 

believe that predictions of future trends of atmospheric GEM concentration and Hg deposition 16 

in those regions in response to changes in anthropogenic sources are highly hypothetical. 17 

To answer these questions, an enhanced reinforced network of atmospheric Hg monitoring is 18 

urgently needed in the Arctic and supplementary and long-term observations at high elevation 19 

sites are needed. 20 
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Table 1. Estimated mean age of GEM in firn air at Summit and NEEM for various depths 

 

Summit NEEM 2009 

Depth (m) Mean Year Age width Depth (m) Mean year Age width 

0 2006.4 0 0 2009.5 0 

15 2004.8 2.4 20 2008.0 2.3 

25 2003.4 5.2 30 2007.0 4.1 

30 2002.7 6.3 40 2005.8 5.7 

40 2001.3 8.2 50 2004.5 7.1 

50 1999.9 9.6 60 2002.0 9.8 

58 1998.7 10.6 62 2000.4 11.6 

63 1997.8 11.3 64 1994.0 18.5 

66 1997.0 12 67 1981.1 26.9 

70 1994.0 15 69 1973.4 29.2 

72 1987.2 20.8 72 1959.6 30 

76 1972.8 25.5 73 1955.1 30.2 

78 1965.1 27.1 74 1950.6 30.5 

79.6 1959.6 27.7 75 1946.3 30.7 

   76 1942.1 30.8 

 

Table 1

http://ees.elsevier.com/atmenv/download.aspx?id=772910&guid=5b110dd3-680c-496d-9ec9-67911f206c53&scheme=1


 

Table 2. Sensitivity of multi-site simulations to the assumed difference in atmospheric GEM 

between Summit and NEEM. The average mismatch between inverse model results and 

firn data (expressed as root mean square deviations in ng.m
-3

) is presented for various 

combinations. The RMSD for individual GEM measurements is 0.10 ng.m
-3

. 

 

  

Multi-site simulations  RMSD Multi-site simulations RMSD 

NEEM + 1 * Summit 0.35 NEEM + Summit-0 0.35 

NEEM + 0.8*Summit 0.19 NEEM + Summit-0.38 0.22 

NEEM + 0.7*Summit 0.13 NEEM + Summit-0.58 0.17 

NEEM + 0.6*Summit 0.10 NEEM + Summit-0.78 0.15 

NEEM + 0.5*Summit 0.14 NEEM + Summit-0.98 0.17 

 

Table 2

http://ees.elsevier.com/atmenv/download.aspx?id=772911&guid=529b5db3-b6e0-423a-aabb-345ff2dd4046&scheme=1


 

 

 

Figure 1: Map of the Arctic showing firn air measurements sites of NEEM and Summit. 

Measurement sites, where direct atmospheric GEM monitoring data are available, are also 

shown. 

Figure 1



 

 

Figure 2: Mean GEM concentrations (±σ) measured in the firn at NEEM (red) and at Summit 

(blue). Summit data are from Faïn et al. (2009). Mean surface atmospheric GEM levels are 

also plotted. Constant atmospheric GEM levels of 1.7 ng.m
-3

 and 1.38 ng.m
-3

 are used to test 

the effect of GEM gravitational settling at Summit and NEEM respectively. In this case, GEM 

diffuses via gravity only and the corresponding GEM firn profiles that would be measured are 

shown by the blue and red line for Summit and NEEM respectively. These lines fit the firn 

measurements down to ~50 m. It illustrates the fact that GEM concentrations have stayed 

roughly constant (given the experimental uncertainty) for the last decade preceding the firn 

pumping experiment. 
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Figure 3: Left panel: scenarios of reconstructed atmospheric GEM using single site model at 

NEEM (red) and Summit (blue). The solid lines show the optimal scenario with its 

uncertainty envelopes as dashed lines. Other scenarios using different regularization terms are 

shown on supplementary figure S2. Right panel: GEM concentrations in firn obtained by the 

model using the corresponding scenarios of the left panels. Same color codes apply. The 

GEM firn air measurements are also reported. 

Figure 3



Figure 4: Upper panels: optimal GEM scenarios using multi-site estimation. Left panels: best 

estimate time trends (continuous line) and uncertainty envelopes (dashed lines). Right panels: 

concentrations in Summit (blue line) and NEEM (red line) firns calculated with the optimal 

scenarios, compared with the measurements (circles with error bars). Optimal solutions using 

equal weights are used for both sites. Lower panels: same figure using a rescaling 

(multiplying factor) of 0.6 for Summit data.  
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 2 

Figure 5:  GEM trends as reconstructed by the firn air record. The black line with the two 3 

dash lines represent the optimal scenario and its envelope obtained using NEEM data. The 4 

gray line shows the simulated global tropospheric Hg signal and the bold black line represents 5 

the history of global Hg releases to air. These data are extracted from Horowitz et al. (2014).  6 
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