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Abstract

Continuous measurements of elemental (Hgo) and reactive mercury were conducted
at two sites in New Hampshire during a powerful April 2007 noreaster. During the most
intense period of the storm, enhancements of ~30-50 ppqv in Hgo were observed at
a coastal and a high elevation inland site. This enhancement occurred simultaneously
with elevated mixing ratios of three marine tracers, CHsl, CH,Br, and CHBr5. These
observations suggest a marine source of Hgo, possibly outgassing from the ocean
surface during strong turbulence. The HgO enhancement observed 100 km inland sug-
gests that the impact of coastal storms on terrestrial Hg cycling may not be limited
to near-shore environments. Combining HgO and marine tracer measurements dur-
ing the storm with estimates of oceanic tracer fluxes during previous strong storms
yields an order-of-magnitude estimate of the oceanic source of Hg0 during the storm
(~7 ppav hr‘1) which can account for the observed enhancement at the field sites.

1 Introduction

Mercury (Hg) has been identified as an important environmental pollutant, yet our un-
derstanding of both natural and anthropogenic emissions and environmental cycling
of Hg is very limited. Oceanic emissions are important in the global atmospheric
mercury (Hg) budget, possibly accounting for as much as 39% (Mason and Sheu,
2002) of global emissions. However, estimates of the total oceanic source based on
global models as well as sparse measurements indicate large uncertainty, ranging from
4 Mmol yr‘1 (Lamborg et al., 2002) to 14.1 Mmol yr‘1 (Strode et al., 2007), and our cur-
rent understanding of seasonal and spatial variability of this marine source is poor.
Relatively few field studies have examined Hg dynamics in coastal or purely marine
atmospheres, and their results are disparate. Even fewer examined the impact of the
ocean as a source of Hg0 using ambient measurements. Observations at coastal sta-
tions in Ireland (Ebinghaus et al., 2002; Kock et al., 2007) suggested an influence of
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oceanic emissions on concentrations of total gaseous mercury (TGM). Measurements
in the Mediterranean Sea by Sprovieri et al. (2003) indicated enhanced Hg0 compared
to coastal sites (Pirrone et al., 2003) and therefore a net source from oceanic evasion.
A recent study by Mao et al. (2008) suggested the ocean as a source of Hgo using the
linear correlation of ambient levels of Hgo with a marine tracer (CHBr3) at a coastal site
in the northeastern United States.

Several recent studies suggest that the marine boundary layer is not a significant
source of RGM at coastal sites in North America (Malcolm et al., 2003; Laurier and Ma-
son, 2007; Engle et al., 2008). Measurements at several Mediterranean Sea coastal
sites (Spain, Italy, Turkey and Greece) suggest that on average, RGM comprises <3%
of TGM, similar to non-oceanic environments, although high RGM episodes at some
sites were associated with transport from the ocean, suggesting Hg evasion from the
ocean surface followed by oxidation to RGM (e.g., Pirrone et al., 2003). In contrast, ob-
servations of speciated Hg over open ocean show elevated RGM concentrations (e.g.,
Sprovieri et al., 2003; Mason et al., 2001; Laurier et al., 2003). It has been specu-
lated that gaseous elemental Hg (Hgo) is oxidized by abundant halogen species, such
as bromine (Br), BrO and BrCl, to reactive gaseous Hg compounds in marine envi-
ronments (Sprovieri et al., 2003; Laurier et al., 2003; Hedgecock and Pirrone, 2004;
Hedgecock et al., 2005). Although some recent studies suggest a minimal influence of
marine oxidation mechanisms in near-shore or coastal environments (e.g., Engle et al.,
2008), measurements of both Hg species and marine halogen compounds at coastal
sites are very rare.

In the northeastern United States, coastal environments are impacted during win-
tertime by mid-latitude cyclonic storms, or noreasters, that transport marine air onto
the coast and inland. In 2005-2006, these storms impacted northern New England
at a rate of nearly one per month. The degree to which such storm systems im-
pact Hg cycling in coastal and inland environments is essentially unknown. In April
2007, the mid-Atlantic and northeastern United States experienced a rare and pow-
erful springtime noreaster; the lowest barometric (sea level) pressure recorded was
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958 hPa, equivalent to that of a moderate category 3 hurricane. During this event, we
monitored Hg0 and RGM continuously at two sites in New Hampshire. We document
significant enhancements in Hg0 in both coastal and inland atmospheres during peak
storm impact, a phenomenon previously unreported. Observations of marine tracers
facilitated a better understanding of salient features of the marine source signature. To
our knowledge, the combination of Hgo, RGM, marine tracer and meteorological data
along with concurrent Hg measurements at both inland and coastal sites during a ma-
jor storm is the first data set of its kind and adds considerably to our understanding of
coastal Hg cycling.

2 Sampling sites and methods

This study utilizes measurements from two University of New Hampshire AIRMAP
sites, Thompson Farm (TF) (43.11°N, -70.75°W, 24ma.g.l.) and Pac Monadnock
(PM) (42.86°N, —-71.88°W, 700ma.g.l.). TF, a rural site surrounded by mixed hard-
wood/pine forest and agricultural fields, is located in Durham, New Hampshire, 5km
from Great Bay and ~25km from the Gulf of Maine. PM is a heavily-forested, high-
elevation site ~100 km inland near Peterborough, New Hampshire. We note that in this
study, we also make reference to previous studies conducted at an additional AIRMAP
site at Appledore Island (Al), located in the Gulf of Maine (42.97° N, —70.62° W). How-
ever, no Hg (or other) observations were recorded at Al during the study period.

At TF and PM, total gaseous mercury (TGM) is measured via cold vapor atomic
florescence spectrophotometry using a Hg vapor analyzer (model 2537A, Tekran, Inc.)
at 5 min intervals with a detection limit of ~5—10 ppqv (1 ng Hg m=> ~112 ppqv). Details
of instrument operation are described in Mao et al. (2008).

RGM is measured with a speciation unit (Tekran model 1130) consisting of a denuder
and pump module installed upstream of the TGM analyzer. The KCI-coated denuder
strips out RGM at a flow rate of 10Lmin~" over a 2hr sampling period with a limit of
detection of ~0.1ppqv, based on three times the standard deviation of the average
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blank (e.g., 0.003+0.03 ppgv, n=3626 at TF in 2007). During the sampling interval the
2537A continuously measures Hgo. To ensure clean operation, the denuders, glass-
ware, impactor frits and filters are replaced on a 10 day basis. Soda lime traps and
zero air canisters are changed as necessary. Blank correction is rarely needed as mix-
ing ratios of 0 ppqv were achieved for >99% of zero air flushes after desorption and
for >94% of zero air flushes immediately before desorption at both TF and PM during
2007. Additional details on RGM measurements can be found in Sigler et al. (2009).

Air temperature, pressure, relative humidity, wind speed and direction are measured
at 1-minute resolution (Davis, Inc.), and marine tracers (CHBr5, CH,Br, and CHgl) are
measured at TF with two-hour resolution using a GC system designed for dual-stage
trapping without using liquid nitrogen (Sive et al., 2005). Details of these measure-
ments are given in Zhou et al. (2005), Sive et al. (2007) and Zhou et al. (2008). Carbon
monoxide (CO) was measured via infrared spectroscopy (4.6 um) at 1 min resolution
with a modified Thermo Environmental Instruments model 48CTL. Calibrations are per-
formed every 6.25 h, and the limit of detection was ~20 ppbv (further details in Mao and
Talbot, 2004).

3 Results and discussion
3.1 Noreaster characteristics

The April 2007 noreaster developed as a low pressure system over the southwestern
United States which tracked toward the east coast and then northward on 15 April.
The storm moved to the northeastern US along the coastline, where the low pressure
center eventually stalled over the ocean near Long Island, New York, by 00:00 UTC
on 16 April, and was stationary until slowly moving eastward out to sea b}/ 00:00UTC
on 17 April (Fig. 1). On 16 April, wind gusts of >60ms”~' and >35ms™', character-
istic of a category 1 hurricane, were recorded at the AIRMAP site at Mount Wash-
ington, New Hampshire, and along the Maine coast (http://www.ndbc.noaa.gov), re-
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spectively. The storm reached peak intensity at TF and PM between 00:00 UTC and
14:00 UTC on 16 April, as atmospheric pressure reached minimum values of ~980 and
~900 hPa, respectively, and instantaneous wind speeds exceeded 10 m s at TF and
15ms™' at PM (Fig. 2a) with gusts up to 30ms™. Predominantly east-northeasterly
winds at TF and PM from approximately 16:00 UTC on 15 April to 24:00UTC on 16
April (Fig. 3) suggested continuous onshore flow, and trajectory simulations (NOAA
HYSPLIT-4, Draxler and Rolph, 2003) indicated a long oceanic fetch. Precipitation in
southern New Hampshire began as light snow mixed with rain, and changed to heavy
rain by the evening of 15 April; 7.5 inches of rainfall was recorded in Durham from
15 to 17 April. The storm subsequently weakened as it moved slowly eastward with
winds shifting to north-northeasterly over New England, and conditions at TF and PM
remained overcast with occasional light rain through 18 April.

3.2 Hg® and RGM levels during the storm

During the morning of 16 April, mixing ratios of Hg0 increased from ~175 ppqv to max-
ima of 227 ppqv and 201 ppqv at TF and PM, respectively (Fig. 2b), and peaked ap-
proximately when the storm reached its local maximum intensity in wind speed and
minimum in atmospheric pressure (Fig. 2a). The enhancement at both sites was sta-
tistically significant (p<0.01) relative to all springtime data for 2007. The Hgo enhance-
ments occurred over a span of ~14h at TF and ~10 h at PM, with mixing ratios increas-
ing to 40-50 ppqv higher than mean springtime values (Mao et al., 2008), and the time
series at each site during the storm were correlated (r=0.6, p<0.01). After this period,
Hg0 mixing ratios decreased to pre-storm levels at both sites.

At TF, RGM decreased from typical springtime mixing ratios of ~1.2ppgqv — simi-
lar to other coastal sites (Laurier and Mason, 2007) — before the storm to a mean of
~0.3 ppqv during storm impact (16—18 April; Fig. 2b). Although this is above the limit of
detection of the instrumentation (~0.1 ppqv), the observed decrease in RGM is consis-
tent with the near complete washout of RGM typically observed at TF during rain events
(mean of ~0.07 ppqgv in January—September 2007 — Sigler et al., 2009) owing to the
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high solubility of H92+ and efficient removal from the atmosphere by precipitation. At
PM, RGM is scarcely present (mean of 0.17 ppqgv in 2007) because of its elevation and
distance from major pollution sources. RGM decreased from ~0.7 ppqv at 10:00 UTC
on 15 April to values consistently below detection by 00:00 UTC on 16 April.

3.3 Oceanic influence

The significant enhancement of Hg0 at TF and PM occurred on the morning of 16
April, well before its normal daily maximum at TF (Mao et al., 2008; Sigler et al., 2009),
which is typically in mid-afternoon coincident with maximum temperature and solar
radiation. Precipitation may result in enhanced Hgo emissions from soil (Lindberg et
al., 1999) or perhaps vegetation (Bash and Miller, 2008). Also, negative correlation of
ambient TGM and canopy evasion has been observed during wet conditions (Bash and
Miller, 2008). However, some studies report enhanced Hg deposition to wet canopies
(Bash and Miller, 2007). In our case study, soil emission as a possible source of the
observed Hg0 enhancement cannot be entirely ruled out. Enhanced soil emissions
from precipitation may occur over a brief period (12—24 h) and during the transition
from dry to wet conditions (Lindberg et al., 1999), and in this case, the soil and canopy
were saturated after receiving heavy precipitation on 12 April and throughout the day
of 15 April. Recent studies suggest that enhanced emission can occur for several
days if soil water is below field capacity (Gustin and Stamenkovic, 2005). However,
measurements during other periods of heavy rain at both sites, even after extended dry
periods, indicate that Hg0 rarely increases by >25ppqv or in any systematic fashion
(Sigler et al., 2009) as that shown in Fig. 2. Therefore, soil or vegetation emissions
were unlikely to have accounted for the large pulse of Hg0 observed simultaneously at
PM and TF, coincident with greatest local storm intensity.

To further corroborate the marine influence on inland sites, we examined measure-
ments of marine tracers CHBr3, CHzl and CH,Br, (Fig. 4a). During the storm, CHBr;
reached 3.5pptv at TF, an order of magnitude higher than its pre/post-storm levels
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(0.2—-0.6 pptv), CH5l (0.8 pptv) was approximately three-fold higher and CH,Br, was
~70% higher. Predominant oceanic influence inland during 15—-16 April is also demon-
strated by the correlation (r=0.63, p<0.01) between CHBr; and CH,Br,, which has
previously been used as a marker for assessing the extent of marine influences on air
masses (Zhou et al., 2005, 2008). The regression slope of 0.13 was identical to the av-
erage ratio of these two species measured at the AIRMAP station on Appledore Island
(Al) in 2004 (Zhou et al., 2008), and within the range of reported CHBr3/CH,Br, emis-
sion ratios at other coastal and oceanic sites (Carpenter et al., 2003). There was no
correlation between these species post-storm, when TF received non-oceanic north-
northwesterly flow from eastern Canada (Fig. 3) and Hg0 declined to pre-storm levels.
We note that CHzl was also somewhat positively correlated with CHBr5 (r=0.49) and
CH,Br, (r=0.43) during the storm period (not shown), but the correlation was only
significant at p<0.05 for CH3l/CHBr; and at 0.1>p>0.05 for CH3l/CH,Br,. This may
result in part due to the different lifetimes of CHzl (~4 days), CH,Br, (3—4 months) and
CHBr3 (2 weeks) and the variability in their surface seawater concentration (Zhou et
al., 2005; Butler et al., 2007).

Observations in Figs. 2 and 4 further indicate that the significant enhancements of
Hg0 inland during the storm were associated with the influx of marine air. Terrestrial
emissions of CHzl are known to be reduced under conditions of heavy precipitation
(Sive et al., 2007), yet CHsl was elevated at TF along with HgP during the storm, which
further rules out a terrestrial source for both species. Also, the ratio of CH3l/CHBrg
during the storm period (~0.16) was similar to marine ratios (~0.13) measured in the
Gulf of Maine (Zhou et al., 2005). In comparison, inland CH;l/CHBr5 ratios corre-
sponding to terrestrial sources at TF are 3-fold greater (>0.3) on average (Zhou et
al., 2005). Because the storm traveled along the coast en route to New England, it
potentially could have entrained anthropogenic emissions from the northeastern urban
corridor. However, carbon monoxide (CO), generally a tracer of anthropogenic pollution
and well-correlated with Hg0 at TF and PM (Mao et al., 2008), was poorly correlated
with Hg0 during the storm period. The time series of CO during the storm period (not
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shown) indicates that it was both suppressed and uniform regionally, suggesting that
TF and PM were influenced by air with similar characteristics. CO levels during the
storm (~160 ppbv) were close to the regional background level (~165 ppbv; Mao et al.,
2008), indicative of marine air with minimal anthropogenic influence, i.e., photochemi-
cally aged marine air.

Correlation of Hg0 and marine tracers at TF is rarely observed, as TF is constantly
influenced by a multitude of anthropogenic and natural sources, relative changes in
Hg0 are small compared to its typical ambient level, and the measurement resolution
of tracer species may not be sufficient to capture short-lived events (Mao et al., 2008).
However, during the noreaster the Hg0 time series was strongly correlated (r=0.8,
p<0.01) with CHsl (Fig. 4b), weakly with CH,Br, (r=0.36, p<0.1), and not correlated
with enhanced CHBr; (r=0.06, p>0.1). The inconsistent tracking of HgO among the
tracers was borne out by their different temporal variability during the storm. Marine
tracers commonly are not correlated geographically in the atmosphere due to different
sources in the ocean (Blake et al., 2001). Also, a gradient in CHBr5 and CH,Br, mixing
ratios exists from ocean to land compared to similar levels of CH;l and Hg0 in both
environments (Sive et al., 2007; Mao et al., 2008). Thus, compared to CHgl, inland
levels of CHBr5 and CH,Br, are more sensitive to marine influence, leading to faster
response via earlier occurrence of increases in their mixing ratios.

3.4 Evasion of Hg0 from sea surface

Measurements of Hg0 at Al in summer 2007 showed that mean Hg0 mixing ratios over
the Gulf of Maine are comparable to those at TF (Sigler et al., 2009). A possible
mechanism for enhanced Hgo over the ocean during the storm may be outgassing
from surface waters related to turbulence and lower atmospheric pressure. Laurier et
al. (2003) proposed a similar mechanism for evasion of dissolved gaseous Hg from
sea water. This hypothesis is supported by measurements at Al which indicated that
CHBr; and CH,Br, increase in the overlying atmosphere as a function of wind speed
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(Zhou et al., 2008).

A goal of ongoing Hgo measurements at Appledore is to quantify its oceanic source.
The ratio of Hgo and marine tracers during the storm allows for a rough calculation of
the oceanic source strength. Ideally, we would use the HgO/CH3I ratio since the cor-
relation was strong (Fig. 4b). Unfortunately, this requires an estimate of an oceanic
emission rate of CH;l during a storm, which to our knowledge has not been previ-
ously measured. However, the CH,Br, oceanic emission rate during a strong tropical
storm was estimated at Al in 2005 (Zhou et al., 2008) assuming a boundary layer
height of 500 m and using diffusivity parameterizations after Wanninkhof (1992). Us-
ing this estimate, we combined the ratio of Hg0 and CH,Br, during the noreaster
(19.6 ppqv/pptv) with a storm flux of CH,Br, at Al (9.1+3.1 nmol m~2 hr'1) to obtain
a Hg0 emission rate of ~0.15+0.05nmolm™2 hr'1, or, assuming a boundary layer
depth of 500 m, ~7 ppqv hr'. Although there are few measurements of Hg emis-
sion from seawater, we note that this emission rate is significantly higher than aver-
age HgO fluxes estimated at other oceanic sites (e.g., 0.04 nmol m~2hr’ (maximum)
at a coastal site in Sweden (Gardfelt et al., 2001); ~0.01 nmol m~2hr~" in the Baltic
(Kuss and Schneider, 2007), coastal Ireland (Gardfelt et al., 2003) and various loca-
tions in the Mediterranean Sea gFerrara et al., 2000; Gardfelt et al., 2003; Anderrson et
al., 2007); ~0.015 nmol m~2hr ' in Long Island Sound, Rolfhus and Fitzgerald (2004);
~0.08+0.05nmolm™2 hr™" in the north Atlantic — Mason et al., 1998).

We stress that our flux estimate is highly uncertain, for several important reasons.
It assumes a boundary layer depth and applies fluxes determined during storms from
different seasons and years. Also, the correlation of Hg0 with CH,Br, (r=0.36, p<0.1)
is weak compared to the other halogen compounds. Moreover, an ideal flux mea-
surement would require instantaneous measurements of the halogen compounds in
seawater and in air over the ocean in addition to wind speed observations (e.g., Zhou
et al., 2008), which were not available during the storm event. Therefore, the diffu-
sivities or transfer gradients of both Hg0 and the tracer species cannot be evaluated.
However, ocean water is often supersaturated with these species (e.g., Gardfeldt et

8746

ACPD
9, 8737-8755, 2009

A springtime
noreaster in New
England

J. M. Sigler et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/8737/2009/acpd-9-8737-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/8737/2009/acpd-9-8737-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

al., 2001; Zhou et al., 2008), and although there are no direct measurements of Hg
over the ocean during the storm, it has been speculated that HgO behaves similarly
(e.g., Laurier et al., 2003). Therefore, despite the high uncertainty, this tracer-based
flux estimate is useful for Hg, and more importantly, our first-order flux estimate seems
to reasonably account for the observed >50 ppqv Hg0 increase at TF during the storm.

RGM at TF was suppressed during the storm (Fig. 2), reflecting removal by rainfall
and suggesting that the marine boundary layer was not a significant source of RGM
during the storm. However, RGM observations during this storm are striking in the
sense that RGM was typically not detected at TF during rain events in 2007. RGM was
detectable, even though at reduced levels, during the noreaster (mean of 0.36 ppgv on
16 April). Marine halogens are thought to play a role in Hgo chemistry at TF (Mao et al.,
2008). Enhanced halogens derived from oceanic outgassing may have played a role
in RGM chemistry at TF during the storm, but the exact source of the RGM is currently
unknown and the scientific community lacks a firm understanding of RGM production
in the presence of marine halogens. This is an additional goal of ongoing research at
TF and Al

The degree to which marine and coastal processes impact the biogeochemical cy-
cling of Hg in continental settings is unknown. Recent evidence suggests that scav-
enging of Hg during convective storms is an important source of Hg in wet deposi-
tion in some coastal areas (e.g., southern Florida, United States; Guentzel et al.,
2001). Deposition of Hg, and therefore input to terrestrial ecosystems, may be en-
hanced in areas subject to significant marine influence, even where anthropogenic
emissions are lower than other regions (e.g., southeastern United States). Simi-
larly, modeling studies have suggested that elevated RGM over the Atlantic Ocean
and Caribbean Sea may contribute to higher deposition in coastal areas in the south-
eastern U.S. even though anthropogenic emissions are higher in northeast (Sillman
et al., 2007; National Atmospheric Deposition Program, Mercury Deposition Network,
http://nadp.sws.uiuc.edu/mdn/). The results of this study raise the possibility of an ad-
ditional mechanism which may contribute to the Hg0 budget, and possibly to ecosystem
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input, in coastal environments via direct transport from outgassing during strong mar-
itime storms. This becomes an especially interesting possibility in regions such as the
northeastern US, which have frequent impact from noreaster-type storm systems.

Measurements at Al in summer 2005 showed weak correlation (r=0.08, p>0.1) be-
tween HgO mixing ratios there and at PM. The Hg0 enhancement observed at PM
during the noreaster is notable because it is an inland, high-elevation site, where ma-
rine sources are not expected to have a strong influence. The impact of strong marine
storms on terrestrial Hg cycling may therefore have larger scale impacts than simply
coastal environments. Additional measurements of both gaseous and wet-deposited
Hg at coastal and marine sites during storms are needed to better understand their
role in Hg cycling.
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Fig. 1. Storm track of noreaster, 14-19 April 2007. Time labels represent 12:00 UTC on the
day of April indicated. Circles represent the low pressure center. The discontinuous storm
motion on 17 April was due to the development of a secondary system at the triple point of the
original storm and eventually became the primary center. The two systems eventually merged
near 40.0° N, —68.2° W at 00:00 UTC on 18 April.
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Fig. 2. (A) Time series of wind speed and pressure (hourly averages) and (B) Hg°
averages) and RGM (2 h averages) at Thompson Farm and Pac Monadnock, NH, during week

of 14 April 2007. Noreaster event is 15—-17 April.
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Fig. 3. Time series of wind direction at TF, PM during nor'easter. Data are hourly averages
(missing data at PM on 15 April were due to instrument failure).
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Fig. 4. (A) Time series of marine tracers (2h averages) at Thompson Farm during week of
14 April 2007. Noreaster event is 15—17 April. (B) Correlation between Hg0 and CHgl (r=0.8,
p<0.01), 15-16 April 2007, at Thompson Farm. Data are two-hour averages.
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