
Atmos. Chem. Phys., 12, 4181–4206, 2012
www.atmos-chem-phys.net/12/4181/2012/
doi:10.5194/acp-12-4181-2012
© Author(s) 2012. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics

Speciated mercury at marine, coastal, and inland sites in
New England – Part 2: Relationships with atmospheric
physical parameters

H. Mao1, R. Talbot2, J. Hegarty3, and J. Koermer4

1Department of Chemistry, State University of New York, College of Environmental Science and Technology,
Syracuse, NY 13219, USA
2Department of Earth and Atmospheric Sciences, University of Houston, Houston, TX 77204, USA
3AER, Inc., 131 Hartwell Avenue, Lexington, MA, 02421, USA
4Department of Atmospheric Science & Chemistry, Plymouth State University, Plymouth, New Hampshire 03264, USA

Correspondence to:H. Mao (hmao@esf.edu)

Received: 27 September 2011 – Published in Atmos. Chem. Phys. Discuss.: 21 October 2011
Revised: 19 April 2012 – Accepted: 20 April 2012 – Published: 11 May 2012

Abstract. Long-term continuous measurements of gaseous
elemental mercury (Hg0), reactive gaseous mercury (RGM),
and particulate phase mercury (HgP) were conducted at
coastal (Thompson Farm, denoted as TF), marine (Appledore
Island, denoted as AI), and elevated inland rural (Pac Monad-
nock, denoted as PM) monitoring sites of the AIRMAP Ob-
serving Network. Diurnal, seasonal, annual, and interannual
variability in Hg0, RGM, and HgP from the three distinctly
different environments were characterized and compared in
Part 1. Here in Part 2 relationships between speciated mer-
cury (i.e., Hg0, RGM, and HgP) and climate variables (e.g.,
temperature, wind speed, humidity, solar radiation, and pre-
cipitation) were examined. The best point-to-point correla-
tions were found between Hg0 and temperature in summer
at TF and spring at PM, but there was no similar correla-
tion at AI. Subsets of data demonstrated regional impacts of
episodic dynamic processes such as strong cyclonic systems
on ambient levels of Hg0 at all three sites, possibly through
enhanced oceanic evasion of Hg0. A tendency of higher lev-
els of RGM and HgP was identified in spring and summer
under sunny conditions in all environments. Specifically, the
10th, 25th, median, 75th, and 90th percentile mixing ratios
of RGM and HgP increased with stronger solar radiation at
both the coastal and marine sites. These metrics decreased
with increasing wind speed at AI indicating enhanced loss
of RGM and HgP through deposition. RGM and HgP lev-
els correlated with temperature positively in spring, summer

and fall at the coastal and marine locations. At the coastal
site relationships between RGM and relative humidity sug-
gested a clear decreasing tendency in all metrics from<40 %
to 100 % relative humidity in all seasons especially in spring,
compared to less variability in the marine environment. The
effect of precipitation on RGM at coastal and marine loca-
tions was similar. At the coastal site, RGM levels were a fac-
tor of 3–4 to two orders of magnitude higher under dry con-
ditions than rainy conditions in all seasons. In winter RGM
mixing ratios appeared to be mostly above the limit of de-
tection (LOD) during snowfalls suggesting less scavenging
efficiency of snow. Mixing ratios of HgP at the coastal and
marine sites remained above the LOD under rainy condi-
tions. Precipitation had negligible impact on the magnitude
and pattern of diurnal variation of HgP in all seasons in the
marine environment.

1 Introduction

Mercury is a dangerous toxin detrimental to human health
and thus it is of paramount importance to understand the pro-
cesses that control the ambient levels of atmospheric mer-
cury. Mercury exists in three forms, gaseous elemental mer-
cury (Hg0), reactive gaseous mercury (RGM), and particulate
phase mercury (HgP). Mercury cycling, i.e., transformation
between the three forms, is intricately linked to dynamical,
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physical and chemical processes in the atmosphere. More-
over, source and sink strengths of Hg0 are dependent on
physical parameters such as temperature and wind. However,
Jacob and Winner (2009) pointed out that the effect of long-
term changing physical parameters (i.e., climate changes) on
mercury cycling has received no attention to date.

Previous research has been conducted to examine the re-
lationships between mercury and physical variables over a
limited time period ranging from days to one or two years,
which appeared to vary greatly at various geographic loca-
tions. For example, G̊ardfeldt et al. (2003) found from their
one month campaign over the Atlantic and two month mea-
surements over the Mediterranean Sea that mercury evasion
from sea water depended on temperature, wind, and salinity.
Han et al. (2004) attributed a negative correlation between to-
tal gaseous mercury (TGM) and temperature to seasonal dif-
ference in emission rates of coal-fired power plants (winter
maximum) in the northern hemisphere based on two sum-
mers of measurement data. A negative correlation between
temperature and TGM was shown by measurements during a
winter month at a rural site in the central Pearl River Delta
region (Li et al., 2011). A ten month data set at Elora, On-
tario, Canada suggested highest Hg0 concentrations in late
spring and fall possibly due to increases in air temperature
among other factors in spring and lower atmospheric mix-
ing height in fall (Baya and Van Heyst, 2010). This relation-
ship was supported by our study (Sigler et al., 2009a) with
significant positive correlation between seasonally averaged
Hg0 and temperature in spring and fall 2007 at a coastal and
marine site from southern New Hampshire. Ambient levels
of Hg0 and TGM were also found to be correlated with so-
lar radiation, relative humidity, and planetary boundary layer
height (Cobbetta et al., 2007; Stamenkovic et al., 2007).

Reactive mercury was reportedly linked to temperature,
radiation, humidity and precipitation. Sigler et al. (2009a)
presented a positive relationship between seasonal averaged
RGM and temperature at a coastal site whereas none from
the marine site. Transformation from Hg0 to RGM by oxi-
dation involves photochemistry (Lin et al., 1999), which in-
dicates a link between RGM concentrations and solar radia-
tion. Indeed, studies have shown the diurnal patterns of RGM
and radiation flux were close in phase (Mason and Sheu,
2002; Spovieri et al., 2003; Sigler et al., 2009a). Laurier et
al. (2003) observed the concurrence of highest RGM and
maximum UV radiation flux in the marine boundary layer
over the North Pacific Ocean. Highest RGM levels were ob-
served around midday after nights of high relative humidity,
while lowest concentrations were found during high relative
humidity and rainfall (Mason and Sheu, 2002; Laurier et al.,
2003, 2007; Poissant et al., 2004, 2005).

There are limited long-term data sets of HgP, and their re-
lationships with physical variables suggested that high levels
were mostly associated with wind driven transport, chemi-
cal and physical transformation processes. For instance, two
years of daily measurements of HgP in the fine (<2.5 µm)

and coarse (>2.5 µm) fractions in New York from Ames et
al. (1998) suggested impact on fine particles from regional
sources in the midwestern US and impact on coarse particles
from local aluminum processing facilities. The one-year HgP

dataset from Poissant et al. (2005) exhibited higher levels of
HgP associated with transport, RGM gas-particle partition-
ing, and Hg0 oxidation. Liu et al. (2007) suggested that the
diurnal pattern of HgP (as well as that of Hg0) was strongly
influenced by boundary layer dynamics, temperature and hu-
midity based on their one year measurements in Detroit, MI.
Similarly, Brooks et al. (2010) found that during a summer
campaign in Houston, TX, peaks of HgP (as well as Hg0 and
RGM) showed distinct and consistent relationships with the
average planetary boundary layer dynamics, which were en-
hanced in a shallow nocturnal boundary layer.

Wind data have been used to trace back the origin of high
mercury concentrations. Some studies often found associa-
tion between high concentrations of mercury and wind di-
rection which points to upwind source regions (e.g., Gabriel
et al., 2005; Poissant et al., 2005; Aucott et al., 2009; Sigler
et al., 2009a; Baya and van Heyst, 2010), while others de-
tected no correlation (Castillo et al., 2011). In addition, our
previous study found a relationship between wind speed and
possible oceanic evasion (Sigler et al., 2009b). We hypoth-
esized the impact of the April 2007 Nor’easter on ambient
levels of Hg0 that were reflected in sudden enhancements of
52 ppqv and 26 ppqv over a span of 14 and 12 h at a coastal
and inland site, respectively.

While long-term studies of TGM have been conducted,
few studies have been dedicated to the investigation of long-
term relationships between speciated mercury and physi-
cal parameters. Six-year measurement datasets from Mace
Head, Ireland and Zingst, Germany showed a strong posi-
tive correlation TGM bore with wind and dew point (Kock
et al., 2005). Cole and Steffen (2010) found a positive cor-
relation between Hg0 and air temperature from their 12 yr
(1995–2007) measurement data in Alert, Canada although it
was not clear if temperature was the direct cause of the Hg0

variability. Long-term measurements of speciated mercury
have been conducted at inland, coastal, and marine locations
in southern New Hampshire. This study is Part 2 of a three
paper series. Part 1 focuses on key characteristics of Hg0,
RGM, and Hg0 variations ranging from diurnal to interan-
nual time scales and their differences between locations with
distinct geographical characteristics (Mao and Talbot, 2011).
In this study we investigated how the three forms of mer-
cury are associated with atmospheric conditions via their re-
lationships with climate variables in different environments.
In Part 3, we will further understand the key findings from
Parts 1 and 2 using potential relationships between speciated
mercury and other trace gases.
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2 Measurements and approach

As stated in Mao and Talbot (2011), multiple-year measure-
ments of Hg0, RGM, and HgP have been conducted at three
AIRMAP (www.airmap.unh.edu) Observatory sites: Thomp-
son Farm (43.11◦ N, 70.95◦ W, 24 m a.g.l.) (TF), Pac Mon-
adnock (42.86◦ N, 71.88◦ W, 700 m a.s.l.) (PM), and Apple-
dore Island (42.97◦ N, 70.62◦ W, 40 m a.g.l.) (AI). The PM
and TF sites are 185 and 25 km, respectively, inland from the
Atlantic Ocean, while AI is 10 km offshore in the Gulf of
Maine. The locations of the three sites form a unique west-
east oriented transect with site surroundings composed of
heavily forested, coastal, and marine boundary layer environ-
ments. Moreover, due to the remote central location of PM in
New England and its 700 m elevation (i.e., above the noc-
turnal inversion and in the middle of the daytime boundary
layer), the site is ideally located to determine regional trends
in trace gases, including mercury (Mao et al., 2008).

Mercury instruments were operated in a manner identi-
cal at TF (coastal), PM (inland), and AI (marine) to ensure
data consistency. Details of the instruments can be found in
Mao et al. (2008), Sigler et al. (2009a), and Mao and Tal-
bot (2011). Briefly, a Tekran 1130 denuder module operated
in series with the 2537A provided continuous measurements
of RGM and Hg0 respectively. Ambient mixing ratios of Hg0

were measured continuously using the 2537A cold vapor
atomic fluorescence spectrometer with 5-min time resolu-
tion and a limit of detection (LOD) of∼10 ppqv (1 ng m−3

=

112 ppqv). RGM is measured with a 90 min sampling inter-
val yielding a LOD of∼0.1 ppqv based on three times the
standard deviation of the field blank values determined at TF
(coastal) during 2007. The inlet of the Tekran 1135 for mea-
suring HgP at AI (marine) was modified by replacing the elu-
triator with one that contained no impaction plate to facilitate
collection of coarse aerosols on the quartz frit in the Tekran
1135 (Talbot et al., 2011).

Continuous Hg0 measurements with 5-min resolution
started in November 2003 at TF (coastal), December 2004
at PM (inland), and June 2007 at AI (marine). Measurements
of RGM with 2-h resolution were added at TF (coastal) in
November 2006, December 2006 at PM (inland), and on AI
(marine) in June 2007. Measurements of HgP started at TF
(coastal) in February 2009 and on AI (marine) in April 2009.
The end of the study period is 31 August 2010 for all datasets
except RGM measurements at PM (inland) which were de-
commissioned in October 2008.

Data of temperature, wind, relative humidity, solar radia-
tion (in the form ofjNO2 at AI, marine) were obtained from
the long term meteorological measurements by AIRMAP at
TF (coastal), PM (inland), and AI (marine). This is comple-
mented by hourly precipitation and radiation flux data from
the NOAA’s US Climate Reference Network site co-located
at TF (coastal) (publicly available athttp://www.ncdc.noaa.
gov/crn/products.html), as well as 6-hourly precipitation data
from NOAA’s National Weather Service site at Pease, NH

which is the closest approximation for data on AI (marine).
Where there was a significant fraction of wind and tempera-
ture data missing on AI (marine) due to power shortage un-
der extreme weather conditions, GoMOOS meteorological
data from the site on Star Island was used as substitute. The
two islands were merely a few tens meters apart and their
overlapping data of temperature and wind were verified to be
correlated atr2 > 0.9. GoMOOS data are publicly available
(http://www.gomoos.org/data/recent.html).

Measurement data of carbon monoxide (CO) were used
in this study in determining anthropogenic influence. A de-
tailed study of relationships between Hg0/RGM/HgP and
other chemical compounds will be presented in Part 3 (Mao
et al., 2012). A description of CO measurement can be found
in Mao and Talbot (2004a).

All data are presented in Coordinated Universal Time
(UTC) with local time corresponding to UTC-5 h for non-
daylight saving time intervals and UTC-4 h when day-
light saving was in effect (i.e., April–October before 2007;
March–November after 2007).

3 Relationships between Hg0/RGM/HgP and
meteorological parameters

3.1 Wind

One of the most significant sources of mercury at the three lo-
cations would be anthropogenic emissions, as the AIRMAP
Observing Network is located downwind of major indus-
trial sources and metropolitan areas. Moreover, Sigler et
al. (2009b) reported enhancements of 30–50 ppqv in Hg0

mixing ratios at TF (coastal) and at PM (inland) during the
most intense period of the April 2007 Nor’easter and hypoth-
esized that it was due to strong wind induced oceanic emis-
sions. Therefore, it is logical to speculate on an association
between Hg0 levels and wind speed and direction. Yet, sea-
sonal scatter plots of Hg0 mixing ratios versus wind speed
and directions at TF (coastal), AI (marine), and PM (inland)
did not reveal distinct relationships.

However, a close examination of a subset of data revealed
association between Hg0 mixing ratios and wind speed at
AI (marine), as suggested in Fig. 1a, where the majority
of the measurements were taken during the time periods
of 22–29 October and the month of November 2008. In-
terestingly there appeared to be a 3–4 day periodicity in
Hg0 mixing ratios during the time period of 22 October–
30 November 2008 (Fig. 1a). Some periods of higher Hg0

levels coincided with higher CO levels and others showed
Hg0 and CO in opposite phases. A particular interesting case
is the one over 14–16 November 2008, when Hg0 and wind
speed was correlated atr2

= 0.18 and slope= 3.7 ppqv per
m s−1 (Fig. 1b, c). The Hg0 mixing ratio started increasing
in the early morning and was enhanced by∼70 ppqv reach-
ing 205 ppqv in 24 h, and this increase, somewhat dampened
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Fig. 1. (a)Wind speed (blue dots) and direction (solid black circles), mixing ratios of Hg0 (dark grey) and CO (light grey) at AI (marine)
during 20 October–30 November 2008,(b) a zoom-in on 13–17 November 2008 and(c) the Hg0-wind speed correlation withr2

= 0.18,
slope= 3.7 ppqv per 1 m s−1 for the zoom-in period.

later on, lasted through midday 16 November. During the
hours of the first Hg0 peak on 15 November CO measure-
ments were not available; during the hours of the second Hg0

peak on 16 November, CO mixing ratios were decreased by
∼40 ppbv to as low as∼90 ppbv at 00:00. The wind direc-
tion appeared to be varying in the two easterly quadrants and
was mostly southerly and southeasterly at the times of the
CO minimum and Hg0 maximum. This indicates that the in-
crease of Hg0 on 16 November was likely influenced by an
influx of air from the relatively clean oceanic region.

To support our speculation, we examined the dynamic pat-
terns during 14–16 November 2008. During this time period
New England was impacted by a strong cyclone with sus-
tained coastal surface winds exceeding 15 m s−1 and periods
of widespread heavy rainfall. At 00:00 UTC on 16 Novem-
ber the cyclone was located in upstate New York near the
Canadian border with a central sea level pressure of 990 hPa
(Fig. 2) and produced strengthening southerly and southeast-
erly surface winds at AI (marine) and surrounding coastal
and marine locations during the afternoon of 15 November
and into the morning of 16 November. The wind speed mea-
sured at AI (marine) increased from∼3 m s−1 at 00:00 UTC
on 15 November to∼8 m s−1 in 12 h, then after a slight slow-

ing during that afternoon increased steadily to a peak value
greater than 16 m s−1 by 00:00 UTC on 16 November. The
winds at AI (marine) shifted into the southwesterly and then
northwesterly direction during the day on 16 November be-
fore gradually slowing during the next day as the cyclone
center moved northeastward into eastern Canada. The evo-
lution of dynamic processes during 14–16 November sug-
gested unusually strong winds from a maritime direction that
coincided in time with the onset of the sudden increase in
Hg0.

We also examined Hg0 mixing ratios during the same time
period for TF (coastal) and PM (inland) (Fig. 3). Prior to the
storm there were distinct diurnal cycles at TF (coastal) with
the daily maximum in the late afternoon followed by a steady
decrease to the daily minimum before sunrise. On 13 Novem-
ber the Hg0 mixing ratio kept rising during the day, and the
increasing trend continued through 14 November leveling off
at 173 ppqv on 15 November and then hovered around that
level until 12:00 UTC of 16 November (Fig. 3a). PM (inland)
experienced an increase during 14–15 November that was
similar to the one at TF (coastal) followed by a slowed de-
crease on 15 November (Fig. 3b). These somewhat synchro-
nized changes in Hg0 mixing ratios at the three sites during
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Fig. 2. Surface analysis from the Hydrometeorological Prediction
Center (http://www.hpc.ncep.noaa.gov/) for 00:00 UTC, 16 Novem-
ber 2008. Sea level pressure is contoured with reddish brown lines
every 4 hPa. Cold (blue), warm (red), and occluded (purple) frontal
positions are also shown and central pressures (hPa) of highs and
lows are shown with underlined numbers.

the storm supported our hypothesis in Sigler et al. (2009b)
that strong wind induced enhancement in oceanic emissions
of Hg0 can have a regional influence on ambient levels of
Hg0 that can reach far inland.

At TF (coastal) 50 % of the total RGM data were col-
lected under wind speed<1 m s−1, which nearly all oc-
curred at night (00:00–11:00 UTC) and before noon local
time (12:00–17:00 UTC), and over this range of wind speed,
the median and 75th percentile values were lowest (Fig. 4a).
The largest 75th percentile value (0.6 ppqv) was associated
with wind speed 2–3 m s−1 (Fig. 4a). Overall, under con-
ditions of wind speed>2 m s−1, nearly 90 % of the data
points were collected during the day (12:00–23:00 UTC) and
before midnight local time (00:00–05:00 UTC), and over
half of the data points were sampled in the afternoon local
time (18:00–23:00 UTC). The wind rose of RGM (Fig. 4b)
showed that mixing ratios over 0.6–3 ppqv occurred in all
wind directions except over the ranges of 330–360◦ and 0–
45◦. RGM> 3 ppqv occurred in two ranges: southeasterly
(∼135◦) and southerly to northwesterly (180–315◦), which
have been proved in our previous studies to be the flow
regimes that facilitated pollutant transport from sources in
the Northeast (Mao and Talbot, 2004b).

Compared to TF (coastal), winds were stronger at AI (ma-
rine), and RGM mixing ratios appeared to be less depen-
dent on wind speed, which is evidenced in median values of
0.2 ppqv in all wind speed ranges except the median value be-
low the LOD for wind speed greater than 10 m s−1 (Fig. 4c).

Fig. 3. Hg0 mixing ratios at TF (coastal)(a) and PM (inland)(b)
during the time period of 1–17 November 2008.

The 75th percentile value varied from 0.3 ppqv at winds ex-
ceeding 10 m s−1 to 0.6 ppqv at winds<6 m s−1. The wind
rose (Fig. 4d) suggested that the majority of RGM mixing
ratios>1 ppqv were observed in all directions, but the few
ones>4 ppqv, which occurred in spring, were mostly from
the south and the west, whose upwind source regions are the
greater Boston area and southern NH.

At PM (inland) median values of RGM mixing ratios in all
wind ranges remained consistently below the LOD; the 75th
percentile values barely reached the LOD (Fig. 4e). The ma-
jority of RGM mixing ratios>0.2 ppqv were observed in two
primary wind direction ranges, east and southwest (Fig. 4f) in
the four seasons of 2007, with a few samples from the south-
east. There are two coal-fired power plants southwest of PM
(inland) near Springfield, MA (Solution, Inc and Northeast-
ern Utilities), one southeast of PM (inland) in Salem, MA
(Dominion Salem Harbor), and two east of PM (inland) in
NH. Possibly on days with favorable wind conditions influ-
ence of these power plant emissions could reach PM (inland).

The relationship between HgP and wind speed at TF
(coastal) suggested no wind dependence of all metrics of
HgP, including 25th percentile, median, and 75th percentile
values, on wind direction over all ranges of wind speed
(Fig. 5a, b). A handful of data greater than 1 ppqv turned out
to be collected exclusively on several days over 4 February–
15 March 2009 coming from southeast to northwest. Such
levels of HgP were hardly observed beyond that season.
Three-day backward trajectories suggested that air masses
with higher HgP levels originated from southern Canada or
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Fig. 4.RGM mixing ratios versus wind speed and direction at TF (coastal)(a, b), AI (marine)(c, d), and PM (inland)(e, f).

eastern to southern US via sweeping southerly to northwest-
erly flows from the 500 to 2000 m altitude. The same back
trajectories run for air masses with low HgP levels during the
same time period did not appear to be vastly different. It is

unclear why the highest HgP mixing ratios were measured
during winter 2009.

Unlike the TF (coastal) location, at AI (marine) there
appeared to be a decreasing tendency in HgP mixing ra-
tios with increasing wind speed (Fig. 5c). In particular, the
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Fig. 5.HgP mixing ratios versus wind speed and wind direction at TF (coastal)(a, b) and AI (marine)(c, d).

75th percentile value decreased from 0.6 ppqv at wind speed
<6 m s−1 to 0.2 ppqv at wind speed>10 m s−1, and the trend
in median values for all wind speed ranges was similar but
the decrease rate was slowed by one-half. For samples with
HgP > 1.5 ppqv, air masses seemed to come from all direc-
tions, whereas air with HgP over the range of 0.5–1.5 ppqv
was more prevalent in the westerly flow indicating a land in-
fluence (Fig. 5d).

3.2 Solar radiation

The relationship of Hg0, RGM, or HgP with solar radiation
was examined using Hg0, RGM, or HgP versus surface solar
radiation flux at TF (coastal) while versusjNO2 at AI (ma-
rine) for daytime: 12:00–18:00 UTC and 18:00–00:00 UTC.
No measurements of solar radiation were available at PM (in-
land). No relationship between Hg0 and solar radiation was
observed at TF (coastal) and AI (marine) for the two day-

time quadrants in all seasons, and thus we focus on RGM
and HgP.

For RGM at TF (coastal), a positive tendency with in-
creasing solar radiation in spring was observed in the 25th,
median, and 75th percentile values, while at AI (marine)
a positive tendency was found in both spring and summer
(Fig. 6a, b). The increase with radiation flux was more sig-
nificant at TF (coastal) with the median value rising from
0.4 to 1.4 ppqv compared to a lesser increase from 0.1 to
0.4 ppqv at AI (marine). For HgP, its positive tendency with
increasing solar radiation was observed in summer at both TF
(coastal) and AI (marine) (Fig. 6c, d). One exception is that
at AI (marine), the increasing tendencies in the 25th, median,
and 75th percentile values of HgP turned downward atjNO2
>0.008 s−1.

www.atmos-chem-phys.net/12/4181/2012/ Atmos. Chem. Phys., 12, 4181–4206, 2012



4188 H. Mao et al.: Speciated mercury at marine, coastal, and inland sites in New England

Fig. 6. (a)RGM versus surface solar radiation flux at TF (coastal) in spring,(b) RGM versusjNO2 at AI (marine) in spring and summer,
(c) HgP versus surface solar radiation flux at TF (coastal) in summer, and(d) HgP versusjNO2 at AI (marine) in summer. Only daytime
data were used.

3.3 Temperature

Examination of seasonal data of Hg0 versus temperature
at TF (coastal) indicated a scattered, correlative relation-
ship between Hg0 and temperature in all summers during
the time period of 2004–2010 (Fig. 7) whereas no correla-
tion appeared to exist in other seasons. The r2 value var-
ied over the range of 0.12–0.20 with slope values over 0.7–
2.0 ppqv◦C−1. At PM (inland) the Hg0 versus temperature
exhibited a somewhat positive correlation in springs 2007–
2010 (Fig. 8). At AI (marine), no correlation between Hg0

and temperature was found for all seasons during 2007–
2010. One curious exception is winter 2009 where we found
a correlation ofr2

= 0.2 and a 1.2 ppqv◦C−1 slope value,
and this correlation was not reproduced in the following win-
ter.

In summary these relationships suggested a somewhat
positive correlation between Hg0 and temperature in spring
at a remote rural location situated above the boundary layer
half of the time and in summer at a sea level coastal site,
whereas no such correlation was found at a site in the ma-
rine boundary layer. The positive correlation at the former
two sites was reproducible during the study period of 4–7 yr

with slightly varying correlation coefficients and slope val-
ues, which indicates the consistency of the relationship.

The box plot of RGM versus temperature at TF (coastal),
PM (inland), and AI (marine) suggested higher levels of
RGM, be it the 25th percentile, median, or 75th percentile
value, at warmer temperatures during the warm season (i.e.,
spring and summer) and this tendency was enhanced for
daytime data (Fig. 9, PM not shown). At TF (coastal), in
spring the majority of RGM mixing ratios>2 ppqv occurred
at temperature>9◦C, and 10 % of the daytime data in the
highest temperature bin (>18◦C) had mixing ratios>5 ppqv
(Fig. 9a). In summer, daytime data for temperatures<21◦C
had median levels below the LOD, and the median showed a
distinct increase from around the LOD over the temperature
bin 21–24◦C to 0.3 ppqv for temperatures>27◦C (Fig. 9b).
Wintertime data showed no discernible pattern; in the fall,
median values were below the LOD in all temperature bins
except the highest one (>18◦C) where it barely reached the
LOD.

Similar to TF (coastal), larger RGM levels corresponded
to higher temperatures in the marine boundary layer based on
measurements at AI (marine), and this relationship was en-
hanced in daytime data (Fig. 9c, d). In fall, only in the highest
temperature bin (>16◦C) did the median level of∼0.3 ppqv

Atmos. Chem. Phys., 12, 4181–4206, 2012 www.atmos-chem-phys.net/12/4181/2012/



H. Mao et al.: Speciated mercury at marine, coastal, and inland sites in New England 4189

Fig. 7.Mixing ratios of Hg0 versus temperature in summers of 2004–2010 at TF (coastal).

exceed the LOD, and there was no systematic pattern in
the 75th percentile value. One unique feature at AI (ma-
rine) was that in winter higher median values (0.2–0.3 ppqv)
were found in the temperature bins−6–0◦C while hovering
around the LOD in temperature bins below−6◦C or above
0◦C (Fig. 9e). This pattern was slightly enhanced in the day-
time and lessened at night. Close examination revealed that
68 % of the wintertime RGM samples below the LOD were
collected in February 2010, which was ranked as the 13th
warmest and 13th wettest February in New Hampshire based
on the 116 yr of record running from 1895 to 2010 (http:
//www.nrcc.cornell.edu/pagesummaries.html). This implies
that more RGM was possibly washed out by rain water, as
opposed to snow, in a warm winter season such as 2010.
More wintertime data in the future is needed to verify this
hypothesis.

At PM (inland) the median and even the 75th percentile
values rarely exceeded the LOD and thus the box plot of
RGM vs. temperature at PM is not shown. However, there
were two exceptions: (1) in spring the median barely reached
the LOD and the 75th percentile values rose to 0.3–0.4 ppqv
as temperature went beyond 8◦C, and (2) in winter the 75th

percentile value varied over 0.1–0.2 ppqv in all temperature
bins with an increasing tendency at warmer temperatures.

Relationships between HgP and temperature were ex-
amined for TF (coastal) and AI (marine) where measure-
ments were available. At TF (coastal) total measurement data
showed two opposite regimes in the HgP-temperature rela-
tionship: negative and positive correlation at temperatures
below and above 8◦C, respectively (Fig. 10a). Similar to
RGM, HgP exhibited an increasing tendency with warming
temperatures in spring and summer, especially during day-
time at TF (coastal) (Fig. 10b, c), which was consistently ev-
idenced in the tendency of nearly all of the median, 75th,
and 90th percentile values. The magnitude of such tendency
was an increase of∼0.3 ppqv from the lower to upper end
of temperature range (about 15◦C difference). In winter the
tendency was reversed with the highest median and 75th
values corresponding to the lower temperatures (< −6◦C)
(Fig. 10d), and this tendency was enhanced in the night-
time data. The decrease in median and 75th percentile val-
ues was around 0.7 ppqv from< −8◦C to >2◦C of tem-
perature. In the fall, the median and 75th percentile values
over all temperature bins hovered around the LOD except at
the upper end of the temperature range (>17◦C) with HgP
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Fig. 8. Mixing ratios of Hg0 versus temperature in springs 2007–
2010 at PM (inland).

reaching 0.3–0.4 ppqv which occurred mostly close in time
to the warm season.

At AI (marine), the HgP versus temperature relationship
for all data largely represents the relationship in spring, sum-
mer and fall, as there was only one month of data for the
winter season during the study period. Temperature ranged
from <6◦C to >21◦C, much narrower than at TF (coastal),
due in part to the marine climate. Perhaps because of the
missing wintertime data, there is only one pattern showing
in all metrics, which is that the 10th, 25th, median, 75th, and
90th percentile values increased with warming temperature
(Fig. 11a). This tendency was enhanced in spring and sum-
mer (Fig. 11b, c). In the fall, the median values exceeded
the LOD at temperatures<10◦C and temperatures>16◦C;
the latter was primarily close in time to the warm season
(Fig. 11d).

3.4 Relative humidity

No overall correlation was observed between Hg0 and rela-
tive humidity at TF (coastal), PM (inland), and AI (marine)
for all seasons. Three points are noted. First, at TF (coastal),
in summer and fall there were very low levels of Hg0, reach-
ing as low as 40–50 ppqv corresponding to 95–100 % rela-
tive humidity, which occurred on nights with nocturnal in-
versions. Second, in summer at AI (marine) there appeared
to a linear upper boundary enveloping the data, which was
reproduced in the three summers (2007, 2008, and 2010)
with available relative humidity data (Fig. 12a, b, c). Third, a
100 ppqv spread was observed at RH= 100 % and a 10 ppqv
spread at RH= 40 % (Fig. 12a, b, c).

However a close inspection of the upper boundary in the
summertime data at AI (marine) (Fig. 12a–c) showed that
nearly all the samples forming the linear upper boundaries
were collected in the month of August during those three
summers. Specifically, August data comprised 93 % of the
data forming the upper boundary, and these data points did
not suggest preferential time quadrants of the day. Cor-
responding to these data points, there was a vague anti-
correlation between Hg0 and temperature as well as between
temperature and relative humidity (Fig. 12d, e, f, g). In the
meantime no systematic patterns were observed between Hg0

andjNO2, as well as betweenjNO2 and temperature. Solar
radiation may not be the dominant driving force for the linear
relationship between Hg0 and relative humidity in August; it
may result from the dominance of thermal processes in the
marine boundary layer during that time of a year. Future re-
search is warranted to understand the driving mechanism for
this curious linearity in August.

Relationships between RGM and relative humidity at TF
(coastal) suggested a clear decreasing tendency in all met-
rics, including 10th, 25th, median, 75th, and 90th percentile
values, from less than 40 % to 100 % relative humidity levels
in all seasons (Fig. 13a–e). Particularly in spring, the median
level of RGM was 1 ppqv, 75th and 90th percentile values
were nearly 2 and 4 ppqv respectively for relative humidity
<40 %, followed by a steep decrease over the 50–60 % range
and a continuous decrease to a median level below the LOD
over the 90–100 % range. Similar patterns were found in all
other seasons. At PM (inland), only in spring and winter for
relative humidity below 60 % the median level of RGM ex-
ceeded the LOD.

The largest difference in RGM versus relative humidity at
AI (marine) (Fig. 13f–j) compared to TF (coastal) and PM
(inland) was less variability of the metrics, except the 90th
percentile value, over all bins of relative humidity. In the
overall relationship (Fig. 13f) the 25th, median, and 75th per-
centile values varied over a narrow range of 0.17–0.36 ppqv
except the 90–100 % bin where the median was below the
LOD. Another difference was the highest levels of RGM,
represented in metrics, were observed in summer for rela-
tive humidity<50 % compared to the highest levels of RGM
occurring in spring at TF (coastal).

A close examination of the point-to-point corresponding
plots of RGM versus relative humidity suggested that for
TF (coastal) a better defined negative correlation occurred in
spring and summer (r2

= 0.25 and 0.30, respectively) than in
fall and winter (Fig. 14). For AI (marine), RGM was corre-
lated better in spring than in other seasons (not shown), al-
though the correlation was more scattered compared to that
at TF (coastal), possibly due to smaller variability in relative
humidity in a marine environment than over land.

The relationship between higher levels of RGM and rel-
ative humidity at the two sites was looked into in detail. A
threshold of 2 ppqv was used to select samples of higher
RGM, because the maximum 90th percentile value of all
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Fig. 9. Daytime mixing ratios of RGM versus temperature at TF (coastal) in(a) springs and(b) summers 2003–2010, at AI (marine) in
(c) springs,(d) summers, and(e)winters 2007–2010. The blue dash lines mark the LOD (0.1 ppqv).

Fig. 10. Relationships between HgP and temperature at TF (coastal) for(a) all seasons,(b) daytime springs,(c) daytime summers, and
(d) winters during January 2009–August 2010.
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Fig. 11.Relationships between HgP and temperature at AI (marine) for(a) all seasons,(b) springs,(c) summers, and(d) falls during April
2009–August 2010. There was only one month data for the winter season during the entire study period.

seasons was 1.9 ppqv at AI (marine) and a bit lower at TF
(coastal) (with only one exception in spring 2007); thus
RGM mixing ratios exceeding 2 ppqv can be considered
anomalously large for both locations. Since at night humidity
reaches>90 % most of the time and removal of RGM and
HgP is rapid, we will consider the relationship for daytime
only (i.e., 12:00–23:59 UTC) and no precipitation.

It was found that in spring higher RGM tended to oc-
cur under drier conditions at both sites whereas in summer
was observed with no dependence on relative humidity at AI
(marine). Specifically, at TF (coastal) 15 % of the total 1336
samples exceeded 2 ppqv corresponding to relative humid-
ity <60 % at TF (coastal) with half from 16:00–20:00 UTC,
and at AI (marine)∼10 % of the total 542 points exceeded
2 ppqv occurring during 14:00–23:59 UTC with relative hu-
midity <70 %. In summers, hardly any samples exceeded
2 ppqv at TF (coastal), whereas at AI, a total of 48 data points
were found with mixing ratios>2 ppqv and∼90 % of them
(42 out of 48) in the time window of 12:00–14:00 UT with
relative humidity varying over 40–100 %.

There seems to be no relationship between relative humid-
ity and HgP mixing ratios for all seasons at AI (marine). At
TF (coastal) a correlation was observed for summers 2009
and 2010 withr2

= 0.38 and 0.29 respectively and slope val-
ues of−0.006–−0.007 ppqv HgP per 1 % relative humidity.
The reason for this relationship is unclear.

3.5 Precipitation

Effects of precipitation on RGM and HgP at TF (coastal) and
AI (marine) were examined for all seasons. The seasonal av-
erages (±1σ) for RGM at TF (coastal) under rainy and dry
conditions are summarized in Table 1. Note that precipita-
tion data are not available at PM (inland), and thus PM is
not considered. In the four summers of 2007–2010, the av-
erage levels of RGM under dry conditions varied from 0.1
to 0.2 ppqv, whereas more than 95 % of the samples under
rainy conditions were below the LOD except summer 2009.
In summer 2009 a little over half of the data points from
rainy conditions were below the LOD, and therefore that was
the only summer with the average RGM level barely above
the LOD. Similarly in all four falls the majority of RGM
mixing ratios (>80 %) were below the LOD under rainy
conditions. In spring and winter RGM mixing ratios more
likely remained above the LOD during rainfalls. In springs
of 2007–2010 seasonal averages under rainy conditions var-
ied around 0.2 ppqv with less than half of the samples be-
low the LOD and those under dry conditions were a factor
of 3–4 to two orders of magnitude higher, suggesting that the
RGM production rate dominated over the washout effect of
precipitation in spring. In winters of 2007–2010, only snow-
falls were considered, and three-hourly accumulated precipi-
tation from snowfalls hardly exceeded 10 mm, none in winter
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Fig. 12.Relationships between Hg0 and relative humidity at AI (marine) for summers(a) 2007,(b) 2008, and(c) 2010. Points forming the
linear upper boundary are highlighted in red. Relationships between Hg0 and temperature(d, e), temperature and relative humidity(f, g) for
the points in the upper boundary in summers 2008 and 2010.

2010. In contrast to summer, RGM mixing ratios appeared to
be mostly above the LOD during snowfalls at 0.14± 0.20,
0.18± 0.33, 0.45± 0.23, and 0.14± 0.21 ppqv for the 2007–
2010 winters.

Further examination of RGM at TF (coastal) separated the
data into three subsets: days without rain (i.e., dry), with
nighttime rain, and with daytime rain. Diurnal cycles were
averaged seasonally each year for each subset (Fig. 15). Five
main characteristics are summarized here. First, the diurnal
cycle on dry days was well-defined with minimum values
before sunrise and peaks over 15:00–17:00 UTC, and the an-
nual maximum daily amplitude (daily maximum–minimum)
occurred in spring varying from 0.8 ppqv in 2010 to 1.8 ppqv
in 2007. Second, in contrast to the dry days, the diurnal varia-
tion was dampened greatly on days with nighttime rain, e.g.,

a daily amplitude of 0.3 ppqv in spring 2010 and 0.7 ppqv
in spring 2007, and there was little to no variability on days
with daytime rain. In other words, even if it rained before
sunrise and it was dry during the daytime, the daily peak did
not go back to the levels of dry days. This suggests that RGM
in the residual layer was washed out at night leading to less
contribution to the surface level of RGM via downward mix-
ing from aloft after sunrise. Third, for springtime dry days,
the daytime RGM mixing ratios were the largest of all sea-
sons and under all conditions with discernible year-to-year
fluctuations in the daily maximum, varying from 1 ppqv in
spring 2010 to 2.3 ppqv in spring 2007. Fourth, for dry days
the magnitude and pattern of diurnal variation appeared to
be similar between summer and fall, although there seemed
to be larger year-to-year variability in daytime RGM levels
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Fig. 13.Relationships between RGM and relative humidity at TF (coastal)(a–e)and AI (marine)(f–j) for all seasons(a, f), springs(b, g),
summers(c, h), falls (d, i), and winters(e, j).

in the fall. Fifth, nighttime RGM levels in winter, be it dry
or wet, were lower than those in spring but higher than in
summer and fall.

Closer examination of changes in RGM at the onset of
and during rainfalls in summer and spring at TF (coastal) re-
vealed two main characteristics. First, the RGM levels gen-
erally fell below the LOD immediately after a rainfall be-
gan nearly independent of the precipitation amount. Second,

there were 12 exceptional events, mostly in spring and sum-
mer, where RGM actually increased during a rainfall, and
there were four rainfalls lasting 9–19 h with RGM mixing ra-
tios consistently hovering at levels above the LOD (Table 2).

Diurnal and seasonal variability in HgP at TF (coastal) ap-
peared to be smaller than that of RGM at TF (coastal) in the
three subsets of data (Fig. 16). On dry days, the magnitude
of HgP variability in spring was close to that in winter, with
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Fig. 14.Relationships between RGM and relative humidity at TF (coastal) in(a) springs,(b) summers,(c) falls, and(d) winters with data
from 2007 in black, 2008 in red, 2009 in green and 2010 in blue.

both hovering around 0.5 ppqv compared to mostly below
0.5 ppqv in summer and fall. The diurnal variability and pat-
terns on days with nighttime and daytime rain did not differ
from those on dry days as much as RGM, meaning HgP was
rarely washed out entirely by precipitation and most samples
remained above the LOD. A few sample points of HgP below
the LOD were found during snowfalls: (1) when a snowfall
started at night and lasted throughout the night, or (2) when
rain preceded the snowfall, and likely reduced the HgP mix-
ing ratio substantially before the snow began.

For AI (marine) we used 6-hourly precipitation data,
which is different from the hourly time resolution for TF
(coastal). This is because the only available precipitation data
for AI are the 6-hourly data from the National Weather Ser-
vice monitoring site at the Pease Airport, about 10 km from
AI. To match that, we integrated RGM over the 6-h interval.
Without hourly precipitation data it is impossible to examine
in detail the effects of precipitation on RGM; therefore, we
can only report the general features observed in the 6-hourly
averaged data. At AI (marine) under dry conditions, season-
ally averaged mixing ratios remained well above the LOD
in all seasons with remarkable year-to-year variability (Ta-
ble 3). For example, in spring the average was lowest in 2010
at 0.37 ppqv and highest in 2008 at 0.89 ppqv, and in fall the

lowest average was found to be 0.26 ppqv in 2008 and high-
est 0.59 ppqv in 2009.

Furthermore, similar to TF (coastal), under dry conditions
the seasonally averaged diurnal patterns of RGM at AI (ma-
rine) were better defined in spring and summer than fall
and winter (Fig. 17). Overall nighttime and daytime precip-
itation dampened diurnal variability lowering RGM levels
throughout the day except in winter when nighttime precip-
itation suppressed mixing ratios only during the nighttime
and conversely daytime precipitation only lowered the day-
time mixing ratios. Summer 2007 and fall 2009 appeared to
be quite different with much higher mixing ratios on days
when nighttime or daytime precipitation occurred. A closer
look revealed that the RGM mixing ratio was only slightly
decreased by precipitation events in summer 2007, and in
fall 2009 there were∼10 days over 21 October–1 November
when particularly strong precipitation events were accompa-
nied by unusually high levels of RGM. A preliminary exam-
ination of limited chemical tracers (only CO and O3 were
available) and trajectories did not suggest any particularly
dominant mechanisms driving the unusual behavior in RGM
during those two seasons (Mao et al., 2012).

There were three distinct characteristics of the impacts of
precipitation on HgP at AI (marine): (1) seasonal averaged
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Table 1. Seasonal mean (denoted as avg)± 1σ values (ppqv) of
RGM at Thompson Farm for rainy and dry conditions.N stands for
the number of samples.Nb stands for the number of samples with
RGM below the LOD.

Rainy dry

N Nb Avg ± 1σ N Avg ± 1σ

Spring 2007 118 59 0.19± 0.32 900 0.99± 1.68
2008 111 48 0.19± 0.25 905 0.59± 1.18
2009 95 34 0.26± 0.23 562 0.75± 0.90
2010 94 56 0.01± 0.18 506 0.38± 0.56

Summer 2007 71 69 0.01± 0.03 1020 0.21± 0.50
2008 85 81 0.02± 0.05 894 0.11± 0.33
2009 106 58 0.11± 0.09 580 0.20± 0.36
2010 58 56 0.03± 0.03 651 0.21± 0.36

Fall 2006 47 44 0.03± 0.05 229 0.16± 0.39
2007 93 77 0.07± 0.15 935 0.25± 0.59
2008 99 88 0.03± 0.06 748 0.09± 0.23
2009 48 33 0.11± 0.12 431 0.13± 0.16

Winter 2007 79 45 0.14± 0.20 947 0.37± 0.50
2008 164 90 0.18± 0.32 863 0.22± 0.42
2009 20 0 0.46± 0.23 200 0.53± 0.39
2010 58 34 0.14± 0.21 402 0.14± 0.19

mixing ratios hovered around the LOD under rainy condi-
tions in all seasons, (2) highest seasonal averaged levels un-
der dry condition occurred in fall and summer and lowest
in winter, and (3) compared to RGM, there appeared to be
smaller variability in seasonal average levels for both rainy
and dry conditions (Table 4). The three subsets of HgP data,
i.e., dry, with nighttime rain, and with daytime rain, sug-
gested that occurrence of rain, be it at night or during the day,
had negligible impact on the magnitude and pattern of diur-
nal variation of HgP at AI (marine) in all seasons (Fig. 18).
Moreover, there was little variability in the four seasons un-
der the three conditions, except in fall 2009 which was a
unique case.

4 Discussion

To the best of our knowledge, our study is the first attempt to
examine aforementioned relationships using long-term con-
tinuous measurement data of highest temporal resolution for
different seasons and contrasting geographical environments.
We found that one-to-one corresponding relationships be-
tween speciated mercury and physical parameters of high
temporal resolution were too scattered to yield meaningful
correlations except Hg0 vs. temperature at TF (coastal) and
PM (inland) during the warm season. However, subsets of
data disclosed correlations in large part due to the dominance
of a single parameter in the processes. This point is illustrated
in Fig. 1c, which suggested a linear correlation between Hg0

and wind speed from a strong storm event over Appledore Is-

land, when the strong wind was likely the dominant drive of
enhanced Hg0 levels due to possible evasion from the ocean.
Another example is the positive correlation between relative
humidity and Hg0 during the month of August (highlighted
in red in Fig. 12), indicating a common dominant mecha-
nism controlling relative humidity and Hg0 levels during that
time period. Further, tendencies of speciated mercury with
respect to changes of individual physical parameters were
revealed when their magnitude ranges were discretized into
small bins. In this section key findings are summarized in
Table 5 and are discussed in comparison to previous works.
Note in Table 5 a physical or chemical mechanism (such as
transport or production) was provided when it could be spec-
ulated with the support of logic and evidence that were avail-
able from this study; otherwise, description of a result was
given.

4.1 Wind

Effects of wind on ambient levels of speciated mercury had
been demonstrated to mainly facilitate transport from upwind
sources by examining the wind rose of mercury concentra-
tions and backward trajectories of mercury rich air masses
(e.g., Poissant et al., 2005; Gariel et al., 2005; Sigler et al.,
2009a; Aucott et al., 2009) and to enhance mercury evasion
(Gårdfeldt et al., 2003; Sigler et al., 2009b). Our study con-
firmed such effects of wind speed and direction on mercury.
In particular, we revealed a somewhat positive correlation
between Hg0 and wind speed with minimal anthropogenic
influence indicative of oceanic origin during a major storm
over 14–16 November 2008. This effect reached TF (coastal)
and PM (inland) causing synchronized changes in Hg0 at
all three sites. This finding corroborated our hypothesis in
Sigler et al. (2009b) that strong wind induced enhancement
in oceanic emissions of Hg0 can have a regional influence on
ambient levels of Hg0 that can reach far inland.

At TF (coastal), higher RGM levels were speculated to
possibly result from local production and transport. These
higher levels nearly all occurred in the time window of
18:00–23:00 UTC when solar radiation was strongest. Trans-
port of RGM to TF (coastal) was supported by the evidence
that RGM> 3 ppqv occurred in two ranges, southeasterly
(∼135◦) and southerly to northwesterly (180–315◦), the flow
regimes that facilitated pollutant transport from sources in
the Northeast (Mao and Talbot, 2004b). Moreover, these rel-
atively high RGM levels seemed to be associated with large
SO2 mixing ratios indicating combustion sources, which will
be further investigated in a separate manuscript on the re-
lationships between mercury and key chemical compounds
(Mao et al., 2012). As the wind speed increased past 3 m s−1,
the median value appeared to level off while the 75th and
90th percentile values decreased (Fig. 4a). This implies op-
posing effects of windier conditions on the ambient level of
RGM at TF (coastal), increased dry depositional loss and en-
hanced transport of RGM. The speculation on the negative
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Fig. 15. Diurnal cycles of RGM at TF (coastal) averaged over days without rain(a), days with nighttime rain(b), and days with daytime
rain (c) for all seasons during 2006–2010. It should be noted that there were data in February only in winter 2009 and there were too few
data for conditions in(b) and(c) in winter to be presented for comparison. Similarly there were data in November only for fall 2006 and
there were insufficient data in Fall 2006 for(b). Precipitation in winter includes rain and snow. Local nighttime is about 00:00–11:00 UTC,
daytime 12:00–23:00 UTC, and noontime is 16:00 UTC during the Daylight Saving period of the year and 17:00 UTC otherwise.

effect of stronger winds on RGM via enhanced dry deposi-
tion is supported by Holmes et al. (2009) which showed the
observed decline of RGM with increasing wind speed. In ad-
dition, stronger winds are often associated with precipitation
resulting in scavenging via wet deposition. The effect of wind
on dry deposition of RGM

In the marine environment at AI, a few sample points
with mixing ratios >4 ppqv occurred in spring mostly in
the southerly to westerly wind directions, downwind of the
greater Boston area and southern NH. It is curious that RGM
could survive the transport over a distance of 4–5 h, i.e.,
∼80 km, in the marine air laden with sea salt aerosols. It
implies strong net production of RGM in transit, largely in
the marine environment in addition to possible anthropogenic
contributions. Further, it could also result from release of
RGM in the form of HgCl2 from the surface of sea salt
aerosols as suggested by Pirrone et al. (2000) and the several
days of lifetime of sea salt aerosols. It should be noted that at

wind speed>10 m s−1, the median, 75th and 90th percentile
mixing ratios of RGM dropped by nearly a factor of 2 indi-
cating loss through deposition. Overall, RGM at AI seemed
to be a result of Hg0 oxidation, transport, and deposition, of
which the net effect seemed to be positive on the ambient
level over the<6 m s−1 wind speed range.

Previous research suggested the impact of wind on HgP

was manifested in the short- and long-range transport of HgP

from source regions to downwind areas (Ames et al., 1998;
Rothenberg et al., 2010). Our study suggested different rela-
tionships between HgP and wind speed in the coastal (TF)
and marine (AI) environments. While no apparent depen-
dence of HgP on wind speed was observed at the coastal site
(TF), a decreasing tendency in HgP mixing ratios with in-
creasing wind speed at AI (marine) suggested a strong impact
of dry depositional loss of aerosols on ambient mixing ratios
in the marine environment. Mixing ratios of HgP over the
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Table 2. At TF (coastal) Rainfalls during which RGM levels (ppqv) were not washed out maintaining above the LOD together with pre-
cipitation amount (mm) for each sample cycle. The rainfall episodes on the left saw increasing RGM levels, and the ones on the right had
sustained RGM levels during rainfalls that lasted hours.

RGM Rain RGM Rain

3/15/2007 12:23:00 0.11 0.3 4/4/2007 23:22:00 0.25 4.2

3/15/2007 14:23:00 0.25 0.8 2/19/2009 14:01:00 0.22 5.0

3/15/2007 16:23:00 0.31 0.9 6/19/2009 00:51:00 0.34 2.2

4/13/2007 00:18:00 0.00 4.5 6/19/2009 03:46:00 0.28 4.8
4/13/2007 02:18:00 0.08 3.9 6/19/2009 06:41:00 0.30 9.6
4/13/2007 04:18:00 0.29 0.4 6/19/2009 10:16:00 0.31 5.3

4/15/2007 14:48:00 0.44 0.7 6/19/2009 13:11:00 0.31 1.7
4/15/2007 16:48:00 0.38 5.7 6/19/2009 16:06:00 0.34 7.7
4/15/2007 18:48:00 0.56 5.1 6/19/2009 19:01:00 0.32 2.1

4/15/2007 20:48:00 0.42 4.4 6/21/2009 12:31:00 0.21 0.4
4/15/2007 22:48:00 0.57 5.6 6/21/2009 15:26:00 0.20 0.5

2/28/2008 05:37:00 0.00 0.6 6/21/2009 18:21:00 0.25 1.0

2/28/2008 07:37:00 1.09 0.3 7/2/2009 09:26:00 0.21 0.4

3/12/2008 17:27:00 0.14 1.5 7/2/2009 12:21:00 0.21 2.6
3/12/2008 19:27:00 0.49 0.2 7/2/2009 15:16:00 0.21 15.9

3/19/2008 06:02:00 0.19 0.2 7/2/2009 18:11:00 0.26 2.1
3/19/2008 08:02:00 0.61 0.4 7/2/2009 21:06:00 0.22 6.0

4/28/2008 20:32:00 0.13 8.8 7/3/2009 00:01:00 0.22 1.5

4/28/2008 22:32:00 0.53 7.7 11/20/2009 11:22:00 0.27 0.5

10/22/2008 01:52:00 0.04 0.6 3/13/2010 23:47:00 0.17 1.7
10/22/2008 03:52:00 0.26 0.2 3/14/2010 03:22:00 0.20 3.9

2/20/2009 03:01:00 0.47 0.9 3/14/2010 06:22:00 0.22 12.2

2/20/2009 05:56:00 0.51 6.0 4/16/2010 12:27:00 0.26 0.4
2/20/2009 08:51:00 1.14 1.4 4/16/2010 15:27:00 0.25 1.2

5/7/2009 07:41:00 0.54 6.5 4/16/2010 18:27:00 0.33 1.7
5/7/2009 10:36:00 0.54 10.2 4/16/2010 21:27:00 0.38 3.8
5/7/2009 13:31:00 0.32 3.5 4/17/2010 00:27:00 0.26 1.1
5/7/2009 16:26:00 0.28 0.3

10/7/2009 09:22:00 0.27 2.8
10/7/2009 17:22:00 0.63 1.1
10/7/2009 20:22:00 0.44 0.4

10/25/2009 04:52:00 0.24 3.1
10/25/2009 07:52:00 0.22 0.7

range of 0.5–1.5 ppqv concurrent often with westerly flow
indicates a land influence on the marine site.

4.2 Solar radiation

Consistent with previous studies (Mason and Sheu, 2002;
Spovieri et al., 2003; Laurier et al., 2003; Engle et al., 2008;
Sigler et al., 2009a), positive relationships were observed be-
tween solar radiation and RGM as well as HgP at TF (coastal)

and AI (marine) in the warm season. Furthermore, our re-
sults suggested seasonal difference between sites for RGM.
A positive relationship between RGM and solar radiation
was found in spring at TF (coastal), while in both spring and
summer at AI (marine). Additionally the increase with radia-
tion flux was more significant at the coastal compared to the
marine site.

Such seasonal difference indicates that the solar radiation
driven production processes controlling the ambient level of
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Fig. 16.Diurnal cycles of HgP at TF (coastal) averaged over days without rain(a), days with nighttime rain(b), and days with daytime rain
(c) for all seasons during 2009–2010. Precipitation in winter includes rain and snow. Local nighttime is about 00:00–11:00 UTC, daytime
12:00–23:00 UTC, and noontime is 16:00 UTC during the Daylight Saving period of the year and 17:00 UTC otherwise.

RGM were predominant in different seasons in the two en-
vironments. It is not clear what mechanisms contributed to
such seasonal difference between the two sites. Compared to
the coastal environment more factors can affect RGM pro-
duction in the marine environment in addition to solar radi-
ation, including halogen radical concentrations and sea salt
aerosol concentrations. The seasonal and diurnal variabili-
ties in these factors may not be synchronized and thus dif-
ferent combinations of factors may weigh in on their influ-
ences on RGM production at different times. Halogen radical
concentrations are dependent on solar radiation, which is in-
directly supported by observed halocarbons reaching annual
minimum in summer due to faster photodissociation (Zhou
et al., 2008) conducive to higher levels of halogen radical
concentrations. This may explain why the effect of solar ra-
diation on RGM was observed in both spring and summer at
the marine site.

4.3 Temperature

A consistent positive, albeit not strong, correlation between
Hg0 and temperature was observed in spring at a remote ru-
ral location situated above the boundary layer half of the time
and in summer at a sea level coastal site. No such correlation
was found at a site in the marine boundary layer. Our pre-
vious study found significant correlation between Hg0 and
temperature averaged at each hour of a day over the sea-
sons of spring and fall 2007 at TF (coastal) and AI (marine)
(Sigler et al., 2009a), and speculated that higher Hg0 may be
attributed to thermally and/or photochemically mediated re-
lease from soil (e.g., Poissant and Casimir, 1998; Sigler and
Lee, 2006). The lack of consistent Hg0-temperature correla-
tion in the marine boundary layer during the warm season
seems to support this speculation.

Higher levels of RGM was observed at warmer tempera-
tures during the warm season (i.e., spring and summer) and
this tendency was enhanced for daytime data in the coastal,
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Figure 17.  Diurnal cycles of RGM at AI (marine) averaged over days without rain (a), days 
with nighttime rain (b), and days with daytime rain (c) for all seasons during 2007 – 2010.  
Precipitation in winter includes rain and snow.  Local nighttime is about 00:00 – 11:00 UTC, 
daytime 12:00 – 23:00 UTC, and noontime is 16:00 UTC during the Daylight Saving period of 
the year and 17:00 UTC otherwise. 
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Fig. 17. Diurnal cycles of RGM at AI (marine) averaged over days without rain(a), days with nighttime rain(b), and days with daytime
rain(c) for all seasons during 2007–2010. Precipitation in winter includes rain and snow. Local nighttime is about 00:00–11:00 UTC, daytime
12:00–23:00 UTC, and noontime is 16:00 UTC during the Daylight Saving period of the year and 17:00 UTC otherwise.

marine, and inland environments. Lesser scavenging in win-
ter possibly led to detectable 75th percentile values at the
inland site. Since the diurnal and seasonal cycles of temper-
ature and solar radiation are intricately associated, it is im-
possible to ascertain whether and how much of increasing
RGM levels could be attributed to temperature and/or solar
radiation separately.

The inland site is situated above the boundary layer, i.e., in
the free troposphere, half of the time and hundreds of kilome-
ters downwind of major source regions, measurements from
this site capture variability in RGM in the free troposphere
over rural areas. The seasonal variability at that site suggests
that in the midlatitude free troposphere without direct influ-
ence of major anthropogenic sources: (1) RGM mixing ratios
were mostly below the LOD, (2) the mixing ratios exceed-
ing the LOD exhibited a tendency of higher levels at warmer
temperature.

There has been limited research on relationships between
HgP and temperature. Our data showed two opposite regimes
in the HgP-temperature relationship: negative and positive

correlation at temperatures below and above 8◦C, respec-
tively, corresponded to the cold and warm seasons. At AI
(marine) perhaps because of the missing wintertime data,
there is only one pattern showing values increased with
warming temperature.

The positive relationship between HgP and temperature in
warmer seasons possibly reflects the effect of solar radia-
tion on Hg cycling, i.e., stronger solar radiation conducive to
more radicals with subsequent impact on Hg0 oxidation lead-
ing to more RGM and subsequently more HgP in the coastal
and marine environments. Needless to say the effect of solar
radiation on the surface air temperature is a direct one, too,
and thus it is logical to hypothesize that the positive correla-
tion between temperature and speciated Hg (i.e., RGM and
HgP) is more of an indication of common physical mech-
anisms that drive variation in them than a direct link. This
hypothesis is in fact supported by the relationships between
RGM/HgP and radiation flux under no precipitation condi-
tions at the coastal site as well as between RGM/HgP and
jNO2 at the marine site as described in Sect. 3.
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Fig. 18.Diurnal cycles of HgP at AI (marine) averaged over days without rain(a), days with nighttime rain(b), and days with daytime rain
(c) for all seasons during 2009–2010. Precipitation in winter includes rain and snow. Local nighttime is about 00:00–11:00 UTC, daytime
12:00–23:00 UTC, and noontime is 16:00 UTC during the Daylight Saving period of the year and 17:00 UTC otherwise.

4.4 Relative humidity

An overall examination revealed no well-defined relation-
ships between Hg0 and relative humidity in all three envi-
ronments for all seasons. A decreasing tendency in RGM
with increasing relative humidity levels in all seasons was
observed at the coastal site (TF) as well as the median level
of exceeding the LOD at the inland site (PM) in spring and
winter at relative humidity<60 %. Fäın et al. (2009) showed
that high RGM levels were always observed with relative hu-
midity below 40 to 50 % at Storm Peak Laboratory at an el-
evation of 3200 m a.s.l., in Colorado, during the time period
of 28 April–1 July 2008, which was suggested to be related
to oxidation of upper tropospheric Hg0. However, we do not
believe that there was a straightforward and direct link be-
tween higher RGM and lower relative humidity, because in
both seasons over 90 % of those higher RGM samples were
measured in the time window of 14:00–24:00 UTC, which
is the time period of lower relative humidity, stronger solar
radiation, and daily maximum RGM production.

Compared to the coastal (TF) and inland (PM) sites, there
was less variability in RGM with varying relative humidity
in the marine environment (AI), possibly because of smaller
range of relative humidity and a larger production rate of
RGM involving halogen chemistry which could dominate
over the dependence of loss rate on humidity.

4.5 Precipitation

A few studies suggested the overall scavenging effect of pre-
cipitation on RGM (Yatavelli et al., 2006; Laurier et al.,
2007), but none examined the dependence of the scavenging
effect on precipitation amount and the impact of precipita-
tion on diurnal variability of speciated mercury in different
environments. Consistent with previous work, we also ob-
served that RGM levels dropped immediately below the LOD
in rainfalls events independent of the precipitation amount
in many cases, while in some cases, mostly in spring and
summer, RGM mixing ratios remained above the LOD and
even increased during precipitation events. In the latter cases,
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Table 3. Seasonal mean (denoted as avg)±1σ values (ppqv) of
RGM at Appledore Island for rainy and dry conditions.N stands
for the number of samples.

Rainy dry

N Avg ± 1σ N Avg ± 1σ

Spring 2008 57 0.30± 0.36 386 0.89± 1.22
2009 70 0.09± 0.19 537 0.69± 1.03
2010 62 0.05± 0.11 463 0.37± 0.65

Summer 2007 36 0.59± 0.40 476 0.83± 0.79
2008 64 0.17± 0.23 544 0.47± 0.66
2009 79 0.09± 0.42 276 0.37± 0.47
2010 38 0.22± 0.53 562 0.60± 1.02

Fall 2006 57 0.02± 0.02 133 0.46± 0.46
2008 59 0.08± 0.14 236 0.26± 0.36
2009 52 0.33± 0.70 255 0.59± 0.98

Winter 2009 65 0.17± 0.13 293 0.50± 0.40
2010 62 0.01± 0.03 185 0.07± 0.31

source strengths (e.g., in situ production and transport) most
likely overpowered removal of RGM. This is different from
the findings of Yatavelli et al. (2006) and Laurier et al. (2007)
who observed that RGM was invariably washed out by pre-
cipitation in the continental and marine boundary layers.

Scavenging efficiency of snow in winter was observed to
be less than that of liquid precipitation, supported by the av-
erage RGM levels during snowfalls of four winters remaining
above the LOD as shown in Sect. 3.5. This is consistent with
the findings of Lombard et al. (2011) in that both the total
seasonal Hg wet deposition and volume-weighted Hg con-
centration in rain water reached the annual minimum in win-
ter during their three year sample collection at TF (coastal).

Our study suggested small impact of precipitation on HgP

levels in the coastal and marine environments. Feddersen et
al. (2012) using bulk filters for measuring HgP suggested a
seasonal shift in the aerosol size distribution. Specifically, we
found that∼90 % of the HgP was contained in aerosols with
aerodynamic diameters>2 micrometer (µm) at AI (marine)
and TF (coastal) in summer, in winter it shifted almost en-
tirely to the fine fraction (<1 µm) below 0.5 µm with little
detectable in the coarse sizes, and in spring, there was a mix-
ture of fine and coarse fractions. In the same study we also
suggested that the Tekran unit may not measure all the HgP

on the coarse fractions by comparing the Tekran and bulk fil-
ter measurements. Such seasonal shift in the aerosol size dis-
tribution and possible limitations of Tekran 1135 measure-
ments of HgP may have contributed to what we have shown
here. Therefore, investigation of the efficacy of Tekran 1135
is warranted before we can further study the causes for the
observed seasonal difference in the effect of precipitation or
any other climate variables on HgP.

Table 4.Seasonal mean (denoted as avg)±1σ values (ppqv) of HgP

at Appledore Island for rainy and dry conditions.N stands for the
number of samples.

Rainy dry

N Avg ± 1σ N Avg ± 1σ

Spring 2009 52 0.08± 0.13 257 0.27± 0.21
2010 62 0.11± 0.19 495 0.37± 0.52

Summer 2009 79 0.09± 0.13 426 0.43± 0.38
2010 38 0.35± 0.28 625 0.58± 0.36

Fall 2009 52 0.36± 0.72 364 0.54± 2.10

Winter 2009 65 0.08± 0.07 193 0.13± 0.16

5 Summary

In this study, we present a comprehensive analysis of rela-
tionships that Hg0, RGM, and HgP bore with climate vari-
ables in inland elevated rural, coastal, and marine environ-
ments using 3–7 yr of continuous data sets of high tempo-
ral resolution. This extensive analysis of long term mea-
surement data suggested great complexity in the climate im-
pact on ambient levels of speciated mercury. More specifi-
cally, there did not appear to be simple and direct linkage
between Hg0/RGM/HgP and any physical variables; posi-
tive or negative effects were indicated by the tendencies in
Hg0/RGM/HgP mixing ratios corresponding to varying cli-
matic conditions. A few key points on such tendencies are
summarized as follows.

– The impact of wind speed on ambient mixing ratios of
Hg0 in all three environments was best captured during
an occurrence of a strong cyclonic system in Novem-
ber 2008 when winds exceeded 15 m s−1 at AI (ma-
rine), in agreement with our case study of the April
2007 Nor’easter in Sigler et al. (2009b). The RGM and
HgP median, 75th, and 90th percentile values decreased
with increasing wind speed in the marine environment
indicating enhanced loss through deposition associated
with strong winds in the marine boundary layer. At
the coastal site RGM mixing ratios were lowest under
calm conditions (wind speed< 1m s−1) and highest at
southerly and southeasterly winds>2 m s−1 suggesting
that transport was the primary source of RGM to our
study location.

– All metrics in RGM and HgP appeared to increase with
stronger solar radiation at the coastal and marine sites.

– The best point-to-point correlation was found between
Hg0 and temperature in summer at the coastal location
and spring at the inland elevated rural site. No corre-
lation was found in the marine boundary layer. This
supports the speculation from our previous study on
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Table 5.Summary of key results in the coastal, marine, and inland environments.

Coastal (TF) Marine (AI) Inland elevated rural (PM)

Wind Hg0 Transport and oceanic evasion Transport and oceanic evasion Transport and oceanic evasion

RGM Transport and local production No dependence except values
>4 ppqv attributed to transport

The very few points>LOD associated
with upwind coal-fired power plants

HgP No apparent dependence A decreasing tendency with in-
creasing wind speed indicating de-
position
Values of 0.5–1.5 ppqv attributed
to continental influence

–
(no HgP data)

Solar
Radiation

Hg0 No dependence No dependence –
(no radiation data)

RGM Positive tendency in spring
linked to production

Positive tendency in spring and
summer linked to production

–

HgP Positive tendency in summer
linked to RGM production

Positive tendency in sum-
mer linked to RGM produc-
tion except downward turn at
jNO2 > 0.008 s−1

–

Tempera-
ture

Hg0 Positive correlation, linked to
thermal and/or photochemi-
cally mediated release from
soil

No correlation Positive correlation, linked to thermal
and/or photochemically mediated re-
lease from soil

RGM Higher RGM with warmer
temperatures during the warm
season

RGM> LOD at warmer tempera-
tures during the warm season
Detectable 75th percentile values
in winter

Higher RGM with warmer temperatures
during the warm season

HgP Lowest at 6–9◦C, greatest at
negative temperatures and to a
lesser extent above 20◦C

Possibly due to missing winter
data, only one pattern showed in-
creasing values with warming tem-
peratures

–

thermally and/or photochemically mediated release of
Hg0 from soil. RGM and HgP at all sites showed pos-
itive tendencies with increasing temperature in spring,
summer, and fall.

– Relationships between RGM and relative humidity in
the coastal area suggested a clear decreasing tendency in
all metrics, including 10th, 25th, median, 75th, and 90th
percentile values, from less than 40 % to 100 % relative
humidity levels in all seasons especially in spring. No
relationship between relative humidity and HgP mixing
ratios was observed for all seasons in the marine bound-
ary layer, whereas at the coastal location correlation was
observed for summers.

– The effect of precipitation on RGM at the coastal and
marine locations was similar. RGM levels remained
around 0.2 ppqv under rainy conditions and a fac-
tor of 3–4 to two orders of magnitude higher un-
der dry conditions in spring. In winter RGM mix-

ing ratios appeared to be mostly above LOD dur-
ing snowfalls at 0.14± 0.20, 0.18± 0.33, 0.45± 0.23,
and 0.14± 0.21 ppqv for the 2007–2010 winters at TF
(coastal), suggesting less scavenging efficiency of snow.
Precipitation had negligible impact on the magnitude
and pattern of diurnal variation of HgP at the marine
site AI (marine) in all seasons.

Many questions from this study remain to be addressed, e.g.,
quantifying strong wind induced oceanic evasion, mecha-
nisms driving the positive correlations between mercury and
temperature/solar radiation, and less impact of relative hu-
midity and precipitation on HgP than on RGM. In addition,
longer continuous measurement data of Hg0, RGM, and HgP

are imperative to obtain rigorous quantification of their re-
lationships with climate variables. Future research is war-
ranted to obtain in-depth knowledge of the mechanisms driv-
ing those relationships.
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Table 5.Continued.

Coastal (TF) Marine (AI) Inland elevated rural (PM)

Relative
Humidity

Hg0 No dependence 100 ppqv spread at RH=

100 % RH,
with 10 ppqv spread at RH= 40 %

No dependence

RGM Lowest at RH= 100 %,
highest at RH< 40 %

Less variability over all bins of
RH; highest levels in summer
when RH< 50 %

In spring and winter for RH< 60 % the
median level of RGM exceeded the LOD

HgP r2
= 0.38 in summer 2009

and 0.29 in summer 2010,
slope of−0.006–−0.007 ppqv
HgP/1 % RH

No dependence –

Precipi-
tation

Hg0 No dependence No dependence No dependence

RGM In summer 95 % of the data
during rainfalls <LOD and
80 % in fall; in spring more
data >LOD, and mostly
>LOD during snowfalls in
winter.
Diurnal variation dampened
greatly on days with nighttime
rain and flattened with daytime
rain.
Falling <LOD immediately
after a rainfall began nearly in-
dependent of rain amount.
12 events with RGM increas-
ing during a rainfall, 4 of them
lasting 9–19 h with RGM con-
sistently remaining>LOD

Nighttime and daytime precipita-
tion dampened diurnal variability
lowering RGM throughout the day
in the warm season.
In winter nighttime/daytime
precipitation suppressed night-
time/daytime levels only.

–

HgP Less impact on diurnal vari-
ability and patterns than those
of RGM

Negligible impact –
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