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Abstract. A comprehensive analysis was conducted usingannual maxima in spring and minima in fall, whereas at PM
long-term continuous measurements of gaseous element#dvels were generally below the limit of detection (LOD) ex-
mercury (H4), reactive gaseous mercury (RGM), and par- cept in spring. RGM levels at Al were higher than at TF and
ticulate phase mercury (Hg at coastal (Thompson Farm, PM indicating a stronger source strength in the marine en-
denoted as TF), marine (Appledore Island, denoted as Al)yvironment. Mixing ratios of H§ at Al and TF were close
and elevated inland (Pac Monadnock, denoted as PM) sites magnitude to RGM levels and were mostly below 1 ppqv.
from the AIRMAP Observatories in southern New Hamp- Diurnal variation in HJ was barely discernible at TF and Al
shire, USA. Decreasing trends in background@Mgre iden-  in spring and summer. Higher levels of Figvere observed
tified in the 7.5- and 5.5-yr records at TF and PM with de- during the day, while values that were smaller, but above the
cline rates of 3.3 parts per quadrillion by volume (ppgv)yr  LOD, occurred at night.

and 6.3ppgvyr!, respectively. Common characteristics at
these sites were the reproducible annual cycle &fth its
maximum in winter-spring and minimum in fall, comprised
of a positive trend in the warm season (spring — early fall)1 Introduction

and a negative one in the cool season (late fall — winter).

Year-to-year variability was observed in the warm season deAtmospheric mercury exists in three forms, gaseous elemen-
cline in HJ at TF varying from a minimum total (complete) tal mercury (H@), reactive gaseous mercury (RGM), and
seasonal loss of 43 ppqv in 2009 to a maximum of 92 ppguParticulate mercury (HE). Hg can be oxidized to RGM,

in 2005, whereas variability remained small at Al and PM. Part of which is further transformed to ¥gon aerosol sur-
The coastal site TF differed from the other two sites with faces. RGM and H§ eventually enter the biosphere via
its exceptionally low levels (as low as below 50 ppqv) in the dry and wet deposition. Hgreportedly has a lifetime of 6
nocturnal inversion layer possibly due to dissolution in dew 12 months, whereas RGM and Hare highly soluble and
water. Measurements of gt PM exhibited the smallest thus are quickly removed from the atmosphere (Schroeder
diurnal to annual variability among the three environments,and Munthe, 1998). In general Figomprises>95% of to-
where peak levels rarely exceeded 250 ppqv and the minita! gaseous mercury (TGM = 4gRGM). However, studies
mum was typically 100 ppqv. It should be noted that sum-Suggest that fractions of HgRGM, and Hg' of total at-
mertime diurnal patterns at TF and Al were opposite in phaséNospheric mercury vary geographically due to different land
indicating strong sink(s) for Hyduring the day in the ma- surface types, chemical environments, and human influences.
rine boundary layer, which was consistent with the hypothe- There have been world-wide measurements of ambient
sis of HJ oxidation by halogen radicals there. Mixing ratios !evels of H@ and TGM. A recent review by Sprovieri

of RGM in the coastal and marine boundary layers reache! al. (2010, references therein) summarized that the
background level of atmospheric TGM in the Northern
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Hemisphere ranges from 1.5 to 1.7 ng(168-190ppgv ~ —0.028t0.01 ngnm3yr—1 (—3.1+1.1 ppqvyr?l) based on
based on 1 ngm? =112 ppqv in a standard atmosphere at amonthly mean values of baseline data for the 1996—2009
temperature of 273.15K and a pressure of 1013 hPa). Foperiod at Mace Head, Ireland. Their analysis suggested
rural and mountainous sites in the northeastern and souththat the term “baseline” was the same as the commonly
eastern U.S., Sigler and Lee (2006) and Valente et al. (2007)ised term “background level” in the literature, which is ob-
suggested typical levels of Bt ~1.6ngnT3 (179ppqv).  tained using a subset of data without direct anthropogenic
Our previous study found a regional background level ofinfluence. A decline rate 0f-0.034£0.005ngnm3yr—1
~160ppqv (1.4ngmd) in wintertime New England (Mao (—3.8+0.6 ppqvyr?) was found from background data at
et al., 2008). In the marine environment, Hig reportedly ~ Cape Point in South Africa by Slemr et al. (2011). Cole and
around 1.6 ngm? (179 ppqv) over the North Atlantic (Lau- Steffen (2010) found a 0.6% Yyt decreasing trend in Hg
rier and Mason, 2007), 1.6—4.7 ng#over the North Pacific  at Alert, Canada over the time period of 1995-2007. In this
(Laurier et al., 2003), and 0.4-11.2 ngfn(45-1254 ppqv)  study, we presented the first opportunity to look into possible
over the Mediterranean Sea (Sprovieri et al., 2003). trends in background Hgat midlatitudes in North America.

In comparison, there is much less coverage of RGM and Multi-year continuous measurements of HRGM, and
Hg” measurements in space and time. The review by Valentédg” have been conducted at inland, coastal, and marine lo-
et al. (2007, references therein) suggested that mean RGMations from the AIRMAP Observatories. Our previous study
and Hd" concentrations over land were 0.029-0.048 (3—(Mao et al., 2008) presented Pglatasets spanning 3.5yr
5ppqv) and 0.029-0.361 ngmh (3—40 ppqv) respectively. at TF,~2yr at PM, and 2 months at Al. This study covers
Mason et al. (2003, references therein) compiled availableHg® data spanning 7.5yr at TF, 5.5yr at PM, ar8yr at
oceanic measurements of RGM andHand reported awide  Al. These much longer datasets enabled us to examine the
range of average concentrations. In the marine atmospherends in background Hgand to investigate interesting char-
RGM varied from 6 £6) pgnm3 (0.7+0.7 ppqv) north of  acteristics in interannual variability of the annual cycles in
30° N over the Pacific (Laurier et al., 2003) to a high of different geographical environments. In addition, this study
50 (+43) pgnT3 (5.6+4.8 ppqv) at Bermuda downwind of presented new data includingd yr of RGM measurements
North America (Sheu, 2001). Over the North Atlantic, Lau- at TF,~2yr at PM, and 2yr on Al, as well as 1.5yr of Hg
rier and Mason (2007) found a value of 5.9 pghf0.7 ppqv)  data each at TF and Al. Overall, we provide an overview of
for RGM concentrations averaged over a 10 day perioddiurnal to interannual variabilities in HigRGM, and Hd’ at
in late summer with maximum values reaching 27 pm locations with distinct geographic and environmental char-
(3ppqv). For HY, a level of 8 pgn2 (0.9 ppgv) was mea- acteristics. This is the first part of a three-part series of pa-
sured at Mace Head, Ireland (Ebinghaus et al., 2002), compers that are dedicated to detailed analysis of temporal and
pared to much higher values of 3344) pgnt3 (3+5ppqv)  spatial variations of speciated mercury (Part 1, this study),
in coastal Maryland, U.S. (Mason and Sheu, 2002). Thethe relationships between speciated mercury and physical pa-
four two-week measurement campaigns during the MAMCSrameters (Part 2, Mao et al., 2012a), and further investiga-
project in the Mediterranean region over the 1998-2000 petion of key findings from Parts 1 and 2 using potential re-
riod showed that RGM concentrations in the MediterraneanJationships between speciated mercury and other trace gases
far from sources and particularly with onshore winds, were(Part 3, Mao et al., 2012b).
comparable to those in industrial northern Europe (Pirrone et
al., 2003). 1.1 Measurements and approach

In the northeastern US, we showed an annual mean RGM
mixing ratio of 0.41 §0.93) ppqv in 2007 with a range of Observations of Hy RGM, and HJ were conducted
0—-22 ppqv at Thompson Farm (denoted as TF hereinafter)at three AIRMAP (www.airmap.unh.edu) Observatory
a rural site on the southern New Hampshire coastline, comsites: TF (43.11N, 70.95 W, 24ma.g.l.), PM (42.86N,
pared to the annual mean of 0.183Q.25) ppgv and a median 71.88 W, 700ma.s.l.), and Al (42.9N, 70.62W,
below the limit of detection (LOD) (0.1 ppgv) at Pac Monad- 40 ma.g.l.) (Fig. 1). The PM and TF sites are 185 and 25 km,
nock (denoted as PM hereinafter), an elevated (700 m a.s.|fespectively, inland from the Atlantic Ocean, while Al is
inland site (Sigler et al., 2009). In the same study we found10 km offshore in the Gulf of Maine. The locations of the
mean RGM to be 0.76#0.88) ppgv at a marine site Apple- three sites form a unique west-east oriented transect with
dore Island (denoted as Al hereinafter) over July—Septembesite surroundings composed of heavily forested, coastal,
2007, significantly higher than those at the two inland sitesand marine boundary layer environments. The details with
during the same time period. regard to the three locations’ sampling setup, land cover,

Studies on H§ for the time period of the mid- distance to major urban areas, and predominant transport
1990s to early 2000s in the North Pole did not sug- patterns can be found in Mao and Talbot (2004a, b), Talbot
gest trends (Steffen et al., 2005; Berg et al., 2004). Inet al. (2005), Mao et al. (2008), and Sigler et al. (2009).
a recent study on the long-term trend in backgroundMoreover, due to the remote central location of PM in New
Hg®, Ebinghaus et al. (2011) reported a decline rate ofEngland and its 700 m elevation (i.e., above the nocturnal
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ambient air during day and night to capture variations in
temperature and specific humidity. The system employed
an internal permeation tube calibratichg % reproducibil-
ity) that was verified every six months using syringe injec-
tion from the headspace of a thermoelectrically cooled Hg
Ay reservoir (Tekran model 2505). The precision of the mea-
N surements was-10% with an accuracy af5 %. Details of

2 operation of the 2537A can be found in Mao et al. (2008).
& RGM is measured with a 90 min sampling interval yield-
ing a LOD of ~0.1 ppgv based on three times the standard
deviation of the field blank values determined at TF dur-
ing 2007. To ensure clean operation, the KCl-coated denud-
ers, denuder module glassware, impactor frits and sample
filters (all prepared in a clean room) are replaced on a bi-
weekly basis. Zero air cartridges and soda lime traps were
replaced as needed. Clean operation was verified by flush-
ing of zero air (Hg-free) through the 1130 denuder module

qupledm Island |

Elevation in feet
s into the 2537A. No direct calibration method has been devel-
203400 S oped for the Tekran 1130 speciation unit, although thermal
5001200 desorp_tion and reductior_1 of RGM to Pigwith subsequent
1600-2000 W analysis by the 2537A, is reported to be essentially 100 %
24002500 mm efficient (Landis et al., 2002; Sigler et al., 2009). Lyman et
2B00-6288

al. (2010) reported that an artifact may exist from influence of
O3 on Tekran-based RGM measurements. Although we have
Fig. 1. Locations of the AIRMAP air quality monitoring stations_. not tested for this interference, the few high @ays in New
Thompson Farm, Pac Monadnock, and Appledore Island are hightya mpshire during the last decade (Lai et al., 2012) suggests
lighted in blue boxes. that O; may have had little influence on our measurements.
The inlet of the Tekran speciation sampling system had
an elutriator inlet with an acceleration jet to remove aerosols
inversion and in the middle of the daytime boundary layer), >2.5 um so that only fine Hgis measured. This is not a de-
the site is ideally located to determine regional trends insirable design, especially in the marine environment with sea
trace gases, including mercury (Mao et al., 2008). salt in the 2—-10 um range. Since our goal was to elucidate

Mercury instruments were operated in an identical man-mercury cycling, the total amount of mercury in the aerosol
ner at TF, PM, and Al to ensure data consistency. Continfphase must be determined accurately. We replaced the elutri-
uous HY measurements with 5-min resolution started from ator for the instruments at TF and Al with one that contained
November 2003 at TF, June 2005 at PM, and June 2007 ono impaction plate to facilitate collection of coarse aerosols
Al. Measurements of RGM with 2-h resolution were added on the quartz frit in the Tekran 1135 (Talbot et al., 2011). This
in November 2006 at TF, December 2006 at PM, and Jungroduced satisfactory results on average when compared to
2007 on Al. Measurements of Hgstarted at TF in February bulk collection on a Teflon filter, except when Flgalues
2009 and on Al in April 2009. The end date for the study pe-were above 1ppqgv (Talbot et al., 2011). In these cases the
riod in this paper for H§, RGM, and HJ is 31 August 2010,  Tekran underestimated Hgoy as much as a factor of 3. At
except that at PM the RGM measurement was terminated ifPM which is far from the ocean, the speciation system was
October 2008. operated in the standard configuration.

A Tekran 1130 denuder module operated in series with Measurement data of carbon monoxide (CO) were used
the 2537A provided continuous measurements of Hid in this study in determining anthropogenic influence. A de-
semi-continuous data for RGM on a 90 min sampling cycle.scription of CO measurement can be found in Mao and Tal-
A custom cold finger trap was used to remove water vapor bebot (2004b). Carbon monoxide is an excellent anthropogenic
fore the air stream enters the pump module, which has beetracer because it mostly comes from mobile combustion. Air
used for the entire time periods at TF and PM (Sigler et al.,masses with CO mixing ratios below the 25th percentile
2009). Ambient mixing ratios of Hywere measured con- value are commonly considered background air. Hence we
tinuously, except when RGM and Hgwere being quanti- selected 5-min average CO data below the monthly 25th per-
fied, using the 2537A cold vapor atomic fluorescence speceentile value to represent the background atmosphere. From
trometer with 5-min time resolution and a LODfl0 ppqv this subset of data, the background®Higvels were estimated
(LngnT3=112ppqv). Standard additions of Mgsing the  from monthly median mixing ratios of Hg
2537A permeation system were performed twice daily on
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Table 1. The total decrease and increase (ppqv) of ldg well as its decline and increase rates (pp‘q’v:ld standard error, in parentheses)

during the warm and cool seasons at Al, TF, and PM. The asterisks denote the seasons that were shorter due to missing measurement da

and/or shortened study periods. The mean values and ranges did not include the values with asterisks.

Al TF PM
warm cool warm cool warm cool
2004 - - —44 54 - -
(=0.2+0.002)  (0.5+0.003)
2005 - - -92 69 —-36 19
(—=0.6+0.002)  (0.5+0.003) (=0.240.002)  (0.1+0.002)
2006 - - —62 56 —47 39
(—0.4+0.003)  (0.4+0.003) (=0.24£0.002)  (0.3+0.002)
2007 -84l - —62 53 —49 37
(—0.8+0.005) (—=0.4+0.002)  (0.4+0.004) (=0.2£0.001)  (0.3+0.002)
2008 -18 55 —48 52 —-30 20
(=0.1+0.003)  (0.3+0.003) (—=0.3+0.002)  (0.4+0.004) (=0.1+0.001)  (0.3+0.003)
2009  —45 50 —43 52 -32 32%5
(=0.2£0.001)  (0.3+0.004) (=0.3+0.002)  (0.4+0.002) (=0.1+0.001)  (0.5+0.003)
2010  —48%2 - —11%3 - 24+4 -
(—0.3+0.003) (—0.140.003) (—0.2+0.001)
Mean —32 53 —59 56 -39 30
(=0.2+£0.002)  (0.3+0.004) (=0.4+0.002)  (0.4+0.003) (=0.24£0.001)  (0.3+0.002)
Range —45—18 50-55 —92—43 52-69 —30—49 19-39
(-0.1—0.2) (0.3) (=0.2—0.6) (0.4-0.5) (-0.1—0.2) (0.1-0.3)

1 Measurements at Al started on 7 June 2007, making the 2007 warm season about three months shorter than a regular wanft Jdmsstudy period
ended on 31 August 2010, making the 2010 warm season about two months shorter than a regular warfh@slsiwvo and half months of data were
available for the 2009 cool season.

2 Hg% RGM, and Hg? at marine, coastal and inland

sites

2.1 Seasonal and annual variations

The complete time series of 5-min average®Higixing ra-

mer and fall and was suggested to be due to dry deposition of
HgP under the nocturnal inversion layer by Mao et al. (2008).
A comparison of H seasonal statistics at the three sites is
shown in Fig. 3 and is summarized in Table S1 in the Supple-
ment. One striking feature is that the lowest 10th percentile
values at TF in summer and fall were lower than PM by 11—

tios for the time periods of availability at Al, TF, and PM 44 ppgv over the period from 2004 to 2010 except the fall
are displayed in Fig. 2. The 7.5, 5.5, an@ yr datasets at of 2009 when the 10th percentile value at PM.(94 ppgv) was
TF, PM, and Al, respectively, reproduced the annual CyC|eclose tothat at TF (95 ppqv). The 10th percentile values at Al
with a maximum in late winter — early spring and a mini- Weré~110ppqy for the three summers (2007-2009), lower
mum in early fall as identified in Mao et al. (2008). Note than PM by 10-20ppqv, whereas it rose to 128 ppqv at Al in
that the large enhancements at PM during the time period ofummer 2010, close to that at PM. Winter and spring median
May—October 2009 were data contaminated by local sources/alues from TF and PM were in close range (within 10 ppgv)
which were removed in our analysis. In the extended datasefearly all years except 2009 when values at TF were 20—
presented here, TF consistently exhibited strong day-to-day0 PPAV higher. At Al, the springtime median level was lower
variation with low values reaching50 ppqv in early falland ~ PY >10ppqv than those at TF and PM in 2008, close to that
the highest levels exceeding 300 ppqv in late winter — early@t PM but lower by 15 ppqv than the value at TF in 2009,
spring. The three years of data at Al suggested clearly thaf"d higher by~20ppqv than the values at both TF and PM
trends at Al tracked those at TF well, although the diurnalin 2010. Overall, there seemed to lack a general pattern of
minimum did not plunge to the low levels at TF and the diur- SPatial var|§b|llty in t_hese metrics at the three locations.
nal maximum often exceeded that at TF. In comparisoff, Hg  1he decline and increase rates of®Hg the warm and
at the elevated rural inland site, PM, revealed much smallef00! S€asons, respectively, were calculated and examined for
diurnal-to-annual variations and much higher minimum val- the three sites (Table 1). The warm season spans the time
ues. At PM spikes rarely exceeded 250 ppqv while the dipsoerlod betwegn the times pf the annual maximum and mini-
were typically~100 ppqv, consistent with Mao et al. (2008). Mum, approximately 1 April to 30 September at TF, 1 March
One distinct feature that set TF apart from Al and PM wast© 31 October at Al, and 1 March to 31 October at PM. The

the lowest levels of Hy(<50 ppqv), which occurred in sum- €00l season extends from the time of the annual minimum to
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values of the linear trend that was fitted through all the data
points for the two seasons each year. The rates of decline
and increase in the warm and cool season, respectively, wert
employed to quantify interannual variability and site differ-
ences in the annual cycle. A few main characteristics can bgjg 3 Seasonal 10th percentila), median(b), and 90th percentile
summarized as follows. (c) mixing ratios of HJ at Al (black), TF (red), and PM (green).

First, there was much less year-to-year variability in the
cool season increase rate at all three sites compared to
the warm season decline rates. Total seasonal increases flarcities of HJ are two to four orders of magnitude smaller
cool seasons with nearly complete data samples averagetian for other surface types (Zhang et al., 2009, and refer-
53 ppgv at Al (50-55 ppqv), 56 ppgv (52—69 ppqv) at TF, andences therein). The slower rate of increase at PM may reflect
30ppgv (19-39ppqv) at PM, suggesting greater values aits relatively remote location and higher altitude where an-
Al and TF than at PM. Rates of increase averaged 0.3 ppqthropogenic influence is dampened compared to Al and TF
day ! at Al, 0.4 ppgvday? at TF, and 0.3 ppqv day (0.1- that are closer to source regions.
0.3 ppqvday?) at PM, yielding comparable rates atthe three  Second, the decline rate of Figluring warm seasons at
sites. A closer look revealed that during the 2008 cool seaTF varied greatly from year to year compared to relatively
son, HJ levels at PM reached the annual maximum in mid- small ranges at Al and PM with some exceptions. Specif-
December as opposed to the end of February as in othdcally, excluding the seasons with more than 2 months of
years, which resulted in an average rate of increase albeinissing data{30% of the total measurement data), the rate
with the lowest total increase and shortest cool season obf decline at Al and PM ranged from0.2 ppqv day? to
all five years. The highest rate of increase in 2009 at PM—0.1 ppqv day?, whereas at TF it ranged from0.6 ppqv
should be taken with caution because the measurement datiay ! to —0.2 ppqvday?. At TF, the maximum warm sea-
was available through mid-December 2009 only. son decline rate 0£-0.6 ppqv day® occurred in 2005 yield-

One striking feature was that mixing ratios of Hig the ing a total seasonal loss of 92 ppqgv, while the minimum rate
marine (Al) and coastal (TF) environments increased moreof —0.2 ppqv day! resulted in a total decrease (in a com-
than at a rural elevated location (PM) during the cool seasonplete warm season) of 43 ppgv in 2009. This suggests that
This indicates that as the cool season started in late Septenat TF there were unique processes that set its warm season
ber and early October, sinks may be reduced and/or sourcedecline rates apart from the other two environments. Mao et
enhanced in the marine (Al) and coastal (TF) environmentsal. (2008) identified two warm seasons in 2004 and 2005 with
more strongly than at a remote site like PM. During that time drastically different decline rates of figt TF and speculated
of the year enhanced sources are likely associated with codhat the large difference in precipitation from 2004 to 2005
and natural gas combustion as well as wood burning for resiobserved at the site may have been the main cause. At the
dential heating in the region. Weakened sinks could be linkedime there were barely two years of data at PM over 2005—
to plant senescence, which reduces the surface area for H007 which could not be compared with the two contrast-
uptake, as well as snow cover for which dry deposition ve-ing seasons at TF. In this study as the 5.5-yr dataset at PM

2008 Fall
2009 Winter
2009 Spring

2009 Fall
2010 Winter
2010 Spring

2010 Summer

2007 Fall
2009 Summer

2008 Winter
2008 Spring

2004 Winter
2004 Spring
2004 Fall
2005 Winter
2005 Spring
2005 Summer
2005 Fall
2006 Winter
2006 Spring
2006 Summer
2006 Fall
2007 Winter
2007 Spring
2007 Summer
2008 Summer

2004 Summer
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b)
200 | (AD.
180
g 160
8 trends in background Hgat TF and PM with decline rates of
Duor 3.3ppavyr! and 6.3 ppqv yrl, respectively. The trend at

Al was inconclusive because of a limited number of years of
measurements. The Studentstest from Wilks (1995) was
used to test the statistical significance of the trends. For the
TF site, the t-value was -3.05, exceeding the critical t-value
of 1.664 for a one-sided t-distribution at the 95% confidence
level. For the 64 monthly median background®yixing
ratios at Pack Monadnock, the t-value was 4.344, exceeding

§ X-/\ﬂ A N&A the critical t-value of 1.671 for a one-sided t-distribution at
£ 160 the 95% confidence level. Therefore, the decline trends at
7 140 U u\f the two sites are statistically significant.
—8— Monthly Median These declining trends suggest that in an elevated rural en-
10 T bneartrend vironment, which is above the boundary layer half of the time
100 L ‘ ‘ ‘ ‘ ‘ ‘ (i.e., at night), background Hgmixing ratios were decreas-
1/1/2004  1/1/2005  1/1/2006  1/1/2007  1/1/2008  1/1/2009  1/1/2010

ing at a pace nearly a factor of 2 faster than that at the coastal
site TF, although the time period of the TF dataset was 1.3 yr

Fig. 4. Monthly median mixing ratios of background plgat
Thompson Farm (THja) Pac Monadnock (PMb), Appledore Is-
land (Al) (c).

longer than the PM one. For the overlapping 5.5 year pe-
riod at TF and PM, the slope value of the regression line was
2.8ppqvyr? for TF and 7.1 ppqvyr! for PM, resulting in
a total decrease of 16 ppgv and 38 ppqv for TF and PM, re-
from 2005 to 2010 was examined, unlike TF, the 2005 warmspectively. The decline rate at TF was comparable to the ones
season decline rate at PM did not appear to stand out as @nom Mace Head, Ireland (Ebinghaus et al., 2011) and Cape
anomaly. Our previous studies demonstrated that measurd?oint, South Africa (Slemr et al., 2011), while caution should
ments at PM are representative of regional air pollution (Maobe taken in such comparison as the time periods in Ebinghaus
and Talbot, 2004; Mao et al., 2008), and therefore the pealet al. (2011) and Slemr et al. (2011) were nearly twice as long
decline rate at TF during the 2005 warm season appeared tas ours. We will investigate the possible factors that might
be a localized phenomenon instead of a regional one. Indeedhave contributed to these trends in a separate paper (Mao et
the reports from the Northeastern Regional Climate Cen-al., 2012).
ter (http://www.nrcc.cornell.ed/suggested that the 2005  The complete time series of RGM exhibited distinct an-
spring in New Hampshire was a normal spring and the sumnual cycles in the occurrence of higher mixing ratios at TF
mer was warmer and wetter, but not to the extreme, regardingnd Al as shown in Fig. 5. The seasonal statistics are sum-
temperature and precipitation in the context of the 116 yr cli-marized in Table 2, where the asterisked numbers represent
mate record. Summers 2006, 2008, and 2009 were amongeasons with measurements missing consecutively over more
the wettest on record, and yet the warm season decline ratégban half a season, and thus these numbers were not consid-
during those three years were average. In-depth study is waered in the comparison. At TF the annual cycles in the me-
ranted to understand and identify the mechanism(s) drivingdian and 90th percentile RGM levels displayed a maximum
the declinef/increasing patterns as well as the year-to-yean spring and a minimum in fall. At Al the annual cycles of
variability in such patterns. the median and 90th percentile values were not conclusive
The overall trends in background Pigt the three sites because the fall and winter time periods had a large amount
were examined in Fig. 4. There appeared to be decreasingf data missing; the relatively complete datasets in springs
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Table 2. The lower 10th, median and 90th percentile values of RGM (ppqv) at Al, TF, and PM. N stands for the total number of samples.
The asterisked sample numbers stand for seasons with measurements missing consecutively for half of the season.

\ Al \ TF \ PM

| N 10th  Med 90th| N 10th Med 90th| N 10th Med 90th
2006 11/6-30 276 000 0.03 0.3
2007 Winter 925 006 024 087 635 0.06 0.16 054
Spring 865 0.12 055 248 843 002 014 057
Summer 507 0.8 055 1.72 469 0.07 026 1.00 586 0.01 0.04 0.19
Fall *143 006 028 1.03 578 0.07 021 080 681 001 004 0.26
2008 Winter | — - - - | 671 008 020 059943 0.01 0.03 0.12
Spring 439 007 050 192 733 010 035 157 347 001 005 0.22
Summer 635 005 021 116 *299 0.00 0.12 065 717 0.00 0.02 0.10
Fall *253 002 0.13 058 302 0.05 0.14 05
2009 Winter | 333 012 0.36 0.92 *220 0.17 0.42 0.97
Spring 584 0.0 037 1.34 652 0.08 041 15
Summer 306 007 021 0.78 594 0.04 0.3 04
Fall *279 0.08 029 163 428 003 009 03
2010 Winter | *206 0.01 0.03 0.09 401 0.03 0.9 03
Spring 518 002 0.14 0.78 514 0.04 0.6 09
Summer 609 006 023 143 537 0.2 010 07

and summers suggested values close to their counterparts ¢ = 2.0
the coastal site TF. At the inland site PM, the 10th percentile

Al

and median values were below the LOD (0.1 ppqv) in nearly = ° il
all seasons. The median values in winter and spring 2007 a8 , ChE et
PM and the 90th percentile mixing ratios were at or above ;D’ _.;‘f,'; ¢ i
the LOD (Table 2). T os|: _ g«gg .;%%%ga
Three key points can be summarized regarding the 10th O.O‘ ML» ; " :3;-5213:";

percentile, median, and 90th percentile values. First, a com-
mon characteristic in RGM at the marine, coastal, and in-
land sites is near-zero 10th percentile values. Second, RGM;g 6 complete time series of 2-hourly Hgat Appledore Island
mixing ratios were generally lowest at PM, with median val- (A1) and Thompson Farm (TF).

ues and 90th percentile values hardly exceeding 0.5 ppqv

throughout the 7 seasons, even though two coal-fired power

plants are located nearby, Salem Harbor and Merrimack Stagoy reasons not readily apparent (Fig. 6 and Table 3). Obser-
tions 168 km south and 119km north of PM, respectively.ations at TF revealed that the annual maximum occurred in
This is consistent with observations from other geographicyinter and minimum in fall, which is similar to the annual cy-
locations, such as the site on the eastern slope of Mt. Gongdge of RGM. This appears to be reasonable owing to two fac-
in China (Fu et al., 2008) with two industrial areas located {q¢. First, maximum RGM in late winter/early spring makes
50-60km south and southeast of the sampling site, wherg qssiple for maximum conversion of RGM to Bgia de-
RGM is lost relatively fast via dry deposition after leaving hosition to aerosol surfaces. Second, the strong temperature
its sources. Third, larger median and 90th percentile Mix-genendence of gas-particle partitioning would be conducive

ing ratios were observed in the marine environment thang, higher Hd” levels in winter than in other seasons (Rutter
at the coastal and inland locations in all seasons excepi; 51 2008: Amos et al. 2012).

springs 2009 and 2010 when the 90th percentile values at TF

were slightly higher. The last point indicates stronger source; 5 piyrnal variation
strength(s) for RGM in the marine environment, which al-

ludes to the possibility of more Hgoxidized by abundant 221 HJ

halogen radicals there leading to higher RGM mixing ratios.

Mixing ratios of Hg” at Al and TF were close in mag-  our previous study (Mao et al., 2008) using 3 and 2 yr of Hg
nitude to RGM levels. They were mostly below 1ppqv ex- measurements data at TF and PM, respectively, revealed that
cept for the data points exceeding the 90th percentile valugne |argest diurnal variability occurs in the fall at TF with

in February—May 2009 at TF as well as in fall 2009 at Al 5 seasonal averaged daily amplitude~gf0 ppqv, whereas

4/1/09 6/1/09 8/1/09 10/1/0912/1/09 2/1/10 4/1/10 6/1/10 8/1/10
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Fig. 7. Seasonally averaged diurnal cycles ofngjth standard deviation of means for summer at(@fFand Al (b).

the diurnal variation at PM was flat year-round except in theing ratios between sunrise and 15:00 UTC in summer could
2006 summer with a seasonal averaged daily amplitude obe ascribed chiefly to Hgre-volatilization from dew alone.
~10 ppqv. In this study, the 7.5-yr dataset suggested that se@ther possibilities could be more permanent sequestration
sonal variation in the Hydiurnal pattern was reproduced of the deposited Hg due to heterogeneous and aqueous pro-
unfailingly every year at the three sites, and in some seacesses (e.g., £induced oxidation; c.f., Subir et al., 2011,
sons there was remarkable interannual variability in th& Hg 2012).
diurnal pattern depending on site location. At TF, the diurnal From the~3-yr dataset at Al emerged one of the most
variation was nearly flat in all 7 winters followed by increases interesting characteristics in the diurnal variation of°Hig
to a daily amplitude of~10-20 ppqv in spring and was most the summertime marine boundary layer (Fig. 7b). It is oppo-
pronounced in summer (Fig. 7a) and fall with a daily am- site in phase to that at TF, with daily maxima before sunrise
plitude ranging from 20 to 40 ppgv. The daily minimum oc- and minima in the time window of 20:00-00:00 UTC. There
curred before sunrise and the maximum~&t4:00 UTC in  appeared to be a net loss of Haround 10 ppqv during the
spring anc~15:00 UTC in summer and fall. day at Al (daily maximum-minimum). This was also doc-
As suggested in Mao et al. (2008), nighttime low mix- umented in Sigler et al. (2009) where a 2-month dataset in
ing ratios of H§ at TF in the warm season resulted from July—September 2007 suggested opposite diurnal cycles of
the occurrence of the nocturnal inversion at altitudes be-Hg® and RGM at Al. This pattern was reproduced in sum-
low ~300m in New England. A box modeling study by mers 2008, 2009 and 2010 with nearly identical patterns and
Kim (2010) found that using the Henry’s Law coefficient magnitude (Fig. 7b). We speculated that the net loss &f Hg
of 0.13Matnt! for Hg® and initial conditions of 170ppqv  during the day was possibly caused by oxidation by abundant
HgP, 25°C temperature, and liquid water content of 19 halogen radicals in the marine boundary layer (Sigler et al.,
(M3 4ie/m3,), the atmospheric mixing ratio of Hglecreased ~ 2009).
from 170 ppqv to zero after 30 h. On summer nights when a Compared to TF and Al, diurnal variation at PM appeared
nocturnal inversion layer formed at TF, often the®Hgix- to be nearly flatin all seasons except summers 2006 and 2009
ing ratio was observed to decrease from 120 ppqv to 80 ppgwith a seasonally averaged daily amplitude of 10 ppgv (not
over 10h on average reaching its minimum value just be-shown). The seasonal variation in the diurnal amplitude was
fore sunrise. On those nights there was abundant dew forrelatively small, constrained within 20 ppgv in all five years.
mation due to radiative cooling at the surface; should theThis lack of diurnal, seasonal and annual variation was at-
same amount of dew remain for 20 more hours and th& Hg tributed to its 700 m a.s.|. elevation, well above the nighttime
level continue to decrease at the same rate, the atmosphermundary layer and thus the site is removed from direct in-
HgP level could be reduced to zero. Since this estimate isfluence of chemical and physical processes near the surface
close to box model results from Kim et al. (2010), it is hy- (Mao et al., 2008). Moreover, the winter and spring level at
pothesized that the observed nighttime depletion of l¥g PM is close to that at TF and Al, reflecting the regional repre-
caused by HY dissolving into dew. The fate of dissolved sentativeness of the site, whereas in summer and fall it tended
HgP is unknown at present. One possibility is that the ob-to be 20-30 ppqv higher indicating additional sink(s) at TF
served 40 ppgv HYdissolved in dew would largely be re- and Al. Compared to TF and Al, the standard deviation of
volatilized after sunrise, and thus the increase iff Hux- means at PM appeared to be much smaller, indicating that
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Table 3.The 10th, 50th, and 90th percentile values (ppqv) of Hg TF and Al.

5107

\ TF \ Al
| N 10th Med 90th| N  10th Med 90th
2009 February| 220 0.43 0.88 1.7
Spring 634 0.12 0.36 1.14 290 0.07 0.19 0.55
Summer 660 0.09 0.25 057 489 0.10 0.33 0.73
Fall 461 0.06 0.15 0.41 400 0.09 0.25 1.27
2010 Winter 451 0.08 0.39 0.98 237 0.04 0.09 0.20
Spring 579 0.08 0.26 059 566 0.03 0.21 0.81
Summer 694 0.09 035 0.77 691 0.16 0.52 0.98
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Fig. 8. Seasonally averaged diurnal cycles of RGM with standard deviation of means at TF.

at this elevated inland rural site there were less disturbancethe question whether such site differences reflect the effects

on time scales<10 min that could bring about changes in of marine-land or altitude difference, which can entail pro-

ambient levels of H§ than in the coastal and marine envi- found implications. Interannual variability in Hgan result

ronments. from influences of anthropogenic emissions, physical pro-
Two interesting features were apparent in interannual vari-cesses (i.e., driven by climate conditions), and chemistry.

ability of seasonal averaged diurnal cycles at the three siteddence, the site differences may suggest that at elevated in-

First, among the three sites, TF experienced the most sigland rural locations, interannual variability in ambient levels

nificant interannual variability in winter, spring, and fall di- of HgC is largely driven by processes in summer, whereas

urnal cycles compared to the least amount at Al and PMin the coastal and marine environments downwind of major

constrained within~20 ppgv (not shown). It should be men- source regions the net effect of all processes can vary greatly

tioned that at Al H§ levels in fall 2007 were nearly 30 ppgv  from year to year in all seasons except summer.

lower than the other two years due to limited data avail-

ability during 1-16 September reflecting the lowest level of 2.2.2 RGM

HgP in the year (not shown). Second, both TF and Al exhib- o ) o )

ited the least interannual variability in summer compared to ' Nere was distinct diurnal variation at TF and Al with max-

other seasons, whereas PM exhibited reversed seasonal dg1@ at 18:00-20:00UTC and minima at 09:00-11:00UTC

pendence of interannual variability (not shown). This raises(Figs. 8 and 9), whereas it was almost flat at PM and near
the LOD in all seasons except spring and winter 2007 (not
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Fig. 9. Seasonally averaged diurnal cycles of RGM with standard deviation of means at Al.

shown). The strongest diurnal variation occurred in springs2010. For both sites one distinctive feature is that compared
2007, 2008, and 2009 at TF, with daily amplitude exceed-to RGM, Hg® mixing ratios showed significantly smaller
ing 1 ppgv compared to 0.2-0.3 ppgv in other seasons. Thelaily amplitudes and smaller seasonal variability at a specific
highest seasonal average diurnal maxima also occurred in thigme of the day. At TF the seasonal averaged daily amplitude
same seasons reaching up to 1.7 ppqv, while daily maximavas 0.4 and 0.2 ppqv in winter and spring respectively, while
varied between the LOD and 0.7 ppqv in all other seasonsit was negligible in summer and fall. It was0.2 ppqv at Al
Nighttime mixing ratios were close to the LOD in summer in spring, summer and fall. The 2010 wintertime diurnal cy-
and fall but were well above it in winters and springs of cle was uncharacteristically flat with mixing ratios remaining
2007-2009. Spring and winter 2010 at TF were exceptionearly constant at 0.1 ppqv.
with RGM mixing ratios mostly near the LOD. The most prominent difference between the two sites lies
Similar patterns and magnitude were observed for thein their diurnal patterns. At TF the daily maximum occurred
spring- and summertime diurnal variation at Al. The most at 17:00-20:00 UTC similar to RGM. However, at Al the pat-
distinct difference in the diurnal variation between Al and tern changed from season to season and from year to year,
TF was that more often than not nighttime mixing ratios at where the daily maximum occurred over 06:00-09:00 UTC
Al remained above the LOD, typically in the range of 0.2— in spring and summer 2009 compared to 17:00-20:00 UTC
0.5 ppqv, except during fall 2009 which exhibited a higher in fall 2009 and spring 2010. This large seasonal and year-
range of 0.5-1.0 ppgv. In general, RGM production in theto-year variability at Al indicates that the production and
marine boundary layer is considered to be facilitated by halodoss mechanisms controlling the ambient/Hgvel are more
gen radical chemistry which is driven by solar radiation. complex and probably multitudinous in the marine environ-
Non-zero RGM at night indicates possible nighttime pro- ment compared to coastal sites.
duction mechanisms (e.qg., possibly involving degassing from A closer examination revealed that RGM at Al was in-
aerosols and/or reactions involving NQdespite rapid re- creased by 0.4 and 0.2 ppqv during the day in April and July,
moval by dry and wet deposition, in the marine environmentrespectively, while H§ levels were quite constant through-

in summer and spring. out the day hovering around 0.1 ppgv in April and 0.3 ppgv
in July. The RGM+HJ mixing ratios were less than 1 ppqy,
223 Hd which is <1/10 of the seasonal averaged daily loss of Hg

. This implies that the majority of the RGM+Hgproduced
Seasonal averaged diurnal cycles ofPI—!g TF and Al are  during the summer is quite possibly lost through wet and dry
illustrated in Fig. 10. Generally, Hgmixing ratios were  deposition, if we assume that: (1) the lost amount of Wgs

higher in winter—spring and lower in summer—fall at TF com- transformed to RGM+H®g, (2) the loss of H§ during the day
pared to little variation at Al in all seasons except winter
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Fig. 10.Seasonally averaged diurnal cycles offHgith standard deviation of means at {&) and Al (b).

was driven by oxidation while the total effect of deposition mixing ratios of RGM and obtained a daily amount of dry
and oceanic emissions is similar in night- and daytime. deposition loss of RGM to be 92, 46, and 42 ppqgv for sum-
Lombard et al. (2011) calculated that the total wet de-mers 2007, 2008 and 2009. On a seasonal basis, the total loss

position at TF in summer 2007 and 2008 were 3.02 andof RGM from wet and dry deposition amounted to 430 and
6.37 pg nT2, which is approximately 338 and 750 ppqv using 796 ppgv in summers 2007 and 2008, which yields a daily
an average PBL height of 1000 m. In the same study they estiaverage depositional loss of5 and~9 ppqv, respectively.
mated a 2.31 cnTs dry deposition velocity of RGM in sum-  Assuming HJ levels and the dry deposition velocity of sea
mer using an order-of-magnitude approach and three hourlgalt aerosols, on which most Hgesides (Feddersen et al.,
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2012), are similar to those of RGM, it may not be far-fetched cating stronger source strength(s) in the marine environment,

to hypothesize that the amount of Fitpst via dry deposition  and nighttime levels at Al were often above the LOD. Diur-

is comparable to that of RGM. Thus in summer a daily lossnal variation of RGM was most pronounced with peaks dur-

of RGM and Hd’ via wet and dry deposition may be close to ing the day and minimums at night in spring and summer at

10-20 ppqv, which explains why the lowest ambient mixing TF and Al and at PM in spring only.

ratios of RGM+Hd’ occurred in summer. Mixing ratios of Hg® at Al and TF were close in mag-
nitude to RGM levels and were mostly below 1 ppqv. Ob-
servations at TF revealed that the annual maxima occurred

3  Summary in winter and the minima in fall, which is similar to the an-
nual cycle of RGM. For H§ diurnal variation was barely

In this study we present a comprehensive analysis of diurnatliscernible at TF and Al in spring and summer with higher

to interannual variability in H§ RGM, and HJ' ataninland levels during the day and levels that were smaller, but always

rural elevated site, a coastal site, and a marine site. The conabove the LOD, at night in nearly all seasons.

mon characteristics at the three sites were similar seasonal Future work is warranted to understand mechanisms driv-

median mixing ratios of Hand the reproducible annual cy- ing site differences and temporal variabilities of HHRGM,

cle of Hd® with maximum in winter-spring and minimum in and Hd” in the three environments. In our Parts 2 (Mao et

fall, and the decline/increase in the warm/cool seasons. Thal., 2012) and 3 (Mao et al., 2012) we will investigate the re-

coastal site TF differed from the other two sites with its ex- lationships that H§ RGM and HJ may have with physical

ceptionally low levels (as low as50ppqv) in the noctur-  variables and other chemical compounds.

nal inversion layer in summer and early fall and peak levels

frequently exceeding 250 ppqgv leading to larger diurnal, sea-

sonal, and annual variability. It was hypothesized that the |OWSuppIementary material related to this article is

values were caused by loss via dissolution in dew water in thedvailable online at: http://www.atmos-chem-phys.net/12/
nocturnal inversion layer and subsequently, among other pos5099/2012/acp-12-5099-2012—supplement.pdf
sibilities, the re-volatilization of H§in the morning possibly
comprised a significant fraction of the daytime peak level.

Decreasing trends in background Heere identified in
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