Anonymous Referee #1

Review of Mao, et al. “Speciated Mercury at Marine, Coastal and Inland Sites in New
England: Part II. Relationships with Atmospheric Physical Parameters” in ACPD, for
consideration of publication in ACP.

General Comments:

This article describes an exhaustive suite of speciated atmospheric mercury measurements at 3
different sites in New England. The authors analyze the observations of gaseous elemental
mercury (Hgo), reactive gaseous mercury (RGM) and particulate mercury (Hgp) with respect to
other climate variables like temperature, wind direction, humidity, precipitation, and solar
radiation. The observations were conducted for an extended period from 2006-2009 at three
sites of differing characteristics: marine (Appledore Island), coastal (Thompson Farm) and
elevated inland (Pac Moadnock). Comparisons are made between speciated mercury
observations at the 3 different sites in how they correlate with the physical variables under study.
Several trends are demonstrated by the analyses. The analyses give insight into the seasonality
and fluctuations in speciated mercury abundances in comparison to temperature, wind direction,
wind speed, relative humidity, precipitation and solar radiation. The trends and analysis shown
in this article represent a significant contribution to the literature with respect to ambient
speciated mercury observations for different physical systems. The correlations between RGM
and wind speed, temperature, solar radiation, precipitation and relative humidity as a group
help to explore mechanisms for production and losses. The observed trends in Hgp with respect
to temperature and precipitation also allude to mechanisms for production or losses and
seemingly resilience of this species to persist in the atmosphere. The correlations of Hgo with
temperature and relative humidity begin to constrain the understanding of gaseous elemental
mercury abundances, emissions and losses. The differences between the three sites at times help
to distinguish variable environments as to their role in mercury partitioning and abundances.

However, the total amount of information in this paper is exhaustive and at times the
concomitant presentation and interpretation of the data can make the conclusions less clear.
This paper would be strengthened by revisions to help streamline the analysis for the reader to
better glean from the article the reasoning behind the analyses and give context to the assertions
of the authors as to their explanations to rationalize the trends observed. I recommend this
article for be considered for publication after revision based on the following:

Specific Comments:

1) Format. The article has 4 main sections which are 1. Introduction, 2. Measurement and
Approach, 3. Relationships between Hgo/RGM/Hgp and meteorological variables and 4.
Summary. Section 3 includes both descriptions of the observed relationships with 3.1 wind, 3.2
solar radiation 3.3 temperature, and 3.4 relative humidity, but also includes a sentence or two
about what each trend or relationship ‘implies’. The overlap of data interpretation with
presentation is at times disjointed or comes across as unsubstantiated (particularly with respect
to implications for production and loss mechanisms). I suggest a 4 section (Discussion) that



brings together the interpretation of the trends separated in terms of species (Hgo, RGM and Hgp)
that both contextualizes the observations in terms of how this article explains, shows, elucidates
or uncovers relationships not observed before (with comparison with other literature) and how
the observations relate to the atmospheric chemistry of mercury transport, production and/or
losses. Some discussion on the observed trends is warranted because it sounds, at times, that the
interpretation of individual trends is contradictory (for example, the trend observed in the
difference in abundance of RGM versus wind speed is used to explain that transport can
dominate the observations of RGM at Thompson Farm (p. 10) but in other analyses transport is
not mentioned in relating to diurnal profiles. The complication is that multiple variables could
possibly be lumped into the observations and therefore an interpretation of production or loss
versus transport may not so easily be distinguished).

Per the reviewer’s suggestion we have added Section 4 with Table 5 to summarize and discuss
the key results from Section 3. We emphasized the idiosyncrasies in the relationships mercury
species possibly had with physical parameters in three different geographic environments,
discussed unique points from this study in comparison to previous work, and hypothesized on
possible mechanisms controlling those relationships. To avoid repetition, we made major
revisions in Section 3 which is now more focused on streamlining results and discussions are left
to Section 4.

2. Interpretation of the results. This goes along with comment 1, where the paper would be
stronger if general conclusions are made with respect to how the difference in site location adds
to our understanding of mercury chemistry. Specifically, how do the differences in seasonal
abundances and site locations help to isolate production, loss or transport mechanisms? This
interpretation would be most useful if some of the basics were stated — that RGM is highly
susceptible to removal by rainwater, - give the approximate lifetime of RGM in the atmosphere
(if it is known, or understood) — what are the different emissions terms for Hgo at various
locations (marine vs inland)? How do the authors distinguish between scavenging efficiency of
snow and evasion of mercury during the process of fusion? What is the rationale for the choice
of RGM being influenced by production (p16), transport (p21,11) losses (p13) but never dilution
from changes in boundary layer height? Can rainfall affect the abundance of oxidants that
produce RGM (different from the authors’ interpretation on p 21 on residual layer transport)?
Can lightning during a heavy storm (p23) influence oxidative capacity of the atmosphere? Each
mechanism is usually given or implied in different locations in the paper, but a connection
between the physical variables and what can be learned from them would be most helpful early
on in the paper so that the leap to interpretation of the data is seamless.

The scope of the study is to examine the relationships between speciated mercury and individual
physical variables using long-term measurement data sets for three different sites. This study is
undoubtedly an initial effort for us to obtain a comprehensive picture of such fundamental issues,
which are rather nebulous at the present time. The reviewer has mentioned the effect of
boundary layer height several times in the review. We understand its potentially important role
in modulating air pollutants based on decades of studies on ozone, carbon monoxide, particulate
matter and hydrocarbons in literature. However, planetary boundary layer dynamics are
complicated problems that can hardly be understood without employing all the physical variables



at once. Moreover, there are no long-term continuous measurements of boundary layer height
available. Conceivably it would broaden this already exhaustive study if we should include
variables and processes that need to be estimated/quantified/approximated using the currently
employed physical parameters. We will have to take on these issues incrementally.

The reviewer asked the authors to isolate production, loss and transport mechanisms controlling
ambient levels speciated mercury, quantify the emission rates of Hg® at various locations (marine
vs. inland), and distinguish scavenging efficiency of snow and evasion of mercury during the
process of fusion. These are all excellent research questions, but they are beyond the scope of
this study. First, we have to acknowledge the limits of our analyses in this study due to the
nature of this type of analysis. We are providing a first, comprehensive picture of relationships
between speciated mercury and climate variables. We endeavored in this study to identify
whether there is a single dominant physical variable that controls ambient levels of speciated
mercury. Our conclusion is that multiple physical variables work together with comparable
importance to determine speciated mercury levels. Without a well-defined linear relationship it
is impossible to quantify flux terms that might have contributed to regional budgets. The only
way to address that would be employ a model. Second, the coastal site is approximately 20 km
away from the marine site, and the continental and marine influence are constantly mixed, which
is reflected in numerous similar characteristics in temporal variabilities of speciated mercury in
the two environments. One way to separate the land and ocean influence is to use the tracer
analysis approach. We are currently working on that using unique chemical tracers of biogenic,
industrial, and oceanic origins. We hope to be able to quantify some of the source strengths
using this approach.

The reviewer questioned the rationale for the choice of RGM being influenced by production,
transport, losses but never dilution from changes in boundary layer height, whether rainfall can
affect the abundance of oxidants that produce RGM (different from the authors’ interpretation on
p 21 on residual layer transport), and whether lightning during a heavy storm (p23) can influence
oxidative capacity of the atmosphere. We partly addressed the rationale for not looking into the
effect of boundary layer height. As to the rationale for speculating on the production, transport,
and loss terms of RGM, we started off from the most direct and immediate effects of wind,
radiation, humidity, precipitation, and temperature. We agree with the reviewer that lightning
and precipitation can alter the oxidative capacity of the atmosphere, but we suspect it would take
a completely different kind of study to delve into that, perhaps with the aid of numerical
modeling and/or more data analysis of other chemical data. With whatever interpretation we had
in current manuscript, we already took the risk of overinterpreting our results.

We have added more analysis into the paper, made major revisions to the structure and writing of
the paper per the reviewer’s suggestions. Please see the attached revised version.

3. Clarity of notation. The abbreviations for the three sites can become burdensome when the
reader must continuously remember which is a coastal, marine or inland site. Because the local
environment is important in interpreting the results, I would suggest referring to the sites by



their environment (coastal, marine and inland) instead of the abbreviations, so as to make the
significance of the site clearer.

While the reviewer’s comment here is completely understandable, in our opinion it is important
to be specific about the sites from which we used the measurements for the study. To make the
reading experience easier, we added coastal, marine and inland in parentheses every time the
acronyms of the sites were used.

4. Figure clarity. The information contained within each of the figures could be noted with more
specificity so as to highlight the meaning and purpose of the figure or table quickly. For example
the notation of Figures 16 and 17 should include the same notation as figures 15 and 18 that
includes ‘days without rain’ ‘days with nighttime rain’ and ‘days with daytime rain’. Also
Figures 4 and 5 could include headings like ‘coastal’ ‘marine’ and ‘inland’ sites so that the
reader would instantly associate the difference in observations with the different sites without
having to read the caption and interpret the site location as to what the difference is with respect
to the local environment. There are a lot of references to data/graphs not shown. Because of the
wealth of information in this paper, I think it is unnecessary to explain that those relationships
are not shown.

Per the reviewer’s suggestion, we added coastal, marine, and inland for the three sites wherever
their acronyms were used.

Labels were added in Figures 16 and 17 as suggested. In fact they were originally there but
disappeared to the background in pdf conversion.

Per the reviewer’s suggestion, all “not shown”’s were removed.

Technical Corrections:
p.3 The authors refer to the acronym TGM before defining it.

Before its first appearance, TGM is now defined. See Line 78 in the revised manuscript.

p.4 end parentheses after Hgo needs to not be in the superscript

Corrected. See Line 106 in the revised manuscript.

p.4-5. The sentence “Brooks et al (2010) found that peaks of Hgp ... showed distinct and
consistent relationships with the average planetary boundary layer dynamics enhanced by a
shallow nocturnal boundary layer ... " is confusing. Were the peaks enhanced by the shallow
nocturnal boundary layer, or were the dynamics enhanced? (it appears that it should be the
former, but the sentence reads as though it were the latter)



What it meant was that the relationships were enhanced by the shallowness of the nocturnal
boundary layer. This statement was reworded for clarity as follows:

“Brooks et al. (2010) found that during a summer campaign in Houston, TX, peaks of Hg" (as
well as Hg® and RGM) showed distinct and consistent relationships with the average planetary
boundary layer dynamics, which were enhanced in a shallow nocturnal boundary layer.”

See Lines 107 — 110 in the revised manuscript.

p. 5 The first sentence of the second paragraph is misleading and makes the paragraph awkward.
I would suggest starting with something like, “While long-term studies of TGM have been
investigated ...”. The last 2 sentences are also somewhat troublesome in that they make it harder
to discern how different Part I and Part Il are from each other. I recommend a more parallel
structure for describing the two different papers (both describe the differences at locations with
distinct geographical characteristics, but Part I focuses on difference in abundances with respect
to site location and diurnal and interannual time scales).

This paragraph was revised per the reviewer’s suggestion as follows:

“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 physical parameters.
Six-year measurement datasets from Mace Head, Ireland and Zingst, Germany showed a strong
positive correlation TGM has with wind and dew point (Kock et al., 2005). Cole and Steffen
(2010) found a positive correlation between Hg® and air temperature from their 12 year (1995 —
2007) measurement data in Alert, Canada although it was not clear if temperature was the direct
cause of the Hg® variability. Multiple-year continuous measurements of Hg°, RGM, and Hg"
have been conducted at inland, coastal, and marine locations from the AIRMAP Observing
Network. This study is Part II of a two paper series. Part I focuses on key characteristics of Hg®,
RGM, and Hg® variations ranging from diurnal to interannual time scales and their differences
between locations with distinct geographical characteristics (Mao and Talbot, 2011a). In this
study we investigated how the three forms of mercury are associated with atmospheric
conditions via their relationships with climate variables in different environments.”

See Lines 119 — 131 in the revised manuscript.

p. 6 last paragraph: Describe the instrument as Tekran 1135 for measuring Hgp instead of
“1135 Hgp Tekran”

Corrected. See Lines152 - 153 in the revised manuscript.

p 7. the sentence that starts with “There were a significant fraction...” is awkward. I would
suggest starting with “When there were...” and reformat appropriately



Revised per the reviewer’s suggestion as follows:

“Where there were a significant fraction of wind and temperature data missing on Al due to
power shortage under extreme weather conditions, GoOMOOS meteorological data from the site
on Star Island was used as substitute.”

See Lines 167-169 in the revised manuscript.

p. 7 first sentence of section 3.1. “One of the most significant...”

Changed per the reviewer’s suggestion. See Line 179 in the revised manuscript.

p. 11: note please refer to Fain et al (2009) “High levels of reactive gaseous mercury observed
at a high elevation research laboratory in the Rocky Mountains” ACP 8, 8049-8060 and
references therein to show other evidence of anomalous RGM observations at remote sites.

We did not talk about high RGM levels on page 11 (i.e. p.28405). On p. 11 the first paragraph is
on Hg" vs. wind, followed by two paragraphs of Section 3.2 on Hg® vs. /NO, and a general
description of metrics of RGM and Hg" corresponding to different bins of radiation flux/ /NO,.
It’d be helpful to know in which part of the text the reviewer suggested for the reference.

However, in reading Fain et al. (2009), we noticed a point on the relationship between RGM and
relative humidity that should be cited in our paper. Therefore we cited it in the section where we
discussed the relationship between RGM and relative humidity as follows:

“In the four summers, 20% the total 1395 samples exceeded 0.5 ppqv corresponding to relative
humidity varying over 40%-100% with the largest under drier conditions gradually decreasing to
wetter conditions. Fain et al. (2009) showed that high RGM levels were always observed with
relative humidity below 40 to 50% at Storm Peak Laboratory at an elevation 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 Hg®. Overall, it is not straightforward to link directly the cause
of higher RGM to 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.”

See Lines 408 —417.

p. 15 and afterwards use 1) or 1. but not both

We did not find 1) or 1. on p. 15 (i.e. p.28409). Was the reviewer referring to the numbering of
points? We tried to use the format of “(x)” throughout the paper. In any event, we have made
sure of the consistency for the format of numbering.



p 16 last paragraph “At Al there was only one month of data...
Corrected. See Line 360.

This is in fact on p. 15, i.e., p. 28409.

p 17 why is (Hgp) in parentheses in the second paragraph?

We meant that this statement is as valid for Hg" as for RGM. (This is actually on p. 16, i.c.
p-28410)

p 18 Istparagraph: the data points did not suggest a trend with the time of day (instead of
preference, the data can’t prefer anything)

In the 1% paragraph on p. 18 (p.28412), we were discussing the dependence of RGM on humidity
in the marine environment and we also looked into the time window for occurrence of higher
levels of RGM. We did show that there did not seem to be a time window of the day with
particularly more data points of higher RGM (>2 ppqv), and RGM levels > 2ppqv spread out
over the spectrum of relative humidity indicates. We are not sure of the reviewer’s point here.

p 18 3raparagraph. The first sentence is very awkward

The first sentence of the 3™ paragraph on p. 18 (p.28412) is:

“Effects of precipitation on RGM and Hg" were examined for all seasons at TF and AI”

This was edited as follows:

“Effects of precipitation on RGM and Hg" at TF and AI were examined for all seasons.”

p 19. last paragraph: This paragraph is very difficult to determine the reason behind the author’
description, so it would be useful to give context to difference of this observation with respect to
other sites (which is implied in the interpretation of the results on p 20) — why do the authors
comment only on observations about 2 ppqv? Is it because this site had an anomalously high
number of points above 2ppqv?

The last paragraph on p. 19 (i.e., p. 28413) starts with “Closer examination of changes in RGM”.

Is this the paragraph the reviewer was referring to? We cannot provide “difference of this
observation with respect to other sites” simply because Thompson Farm is the only site where



we had hourly precipitation which enabled us to look into the evolution of RGM during a rainfall
episode.

We did not discuss “observations about 2 ppgv” in this paragraph. One place in the vicinity of
this paragraph where we discussed something resembling “observations about 2 ppgv” was
RGM > 2 ppqv in the 1* paragraph on p. 28412. The reason why we picked 2 ppqv as a
threshold was because the largest 90" percentile value of RGM for Appledore Island was 1.9
ppqv (See Table 1 in our Part I, Mao and Talbot 2011, ACPD, 11, 32301-32336). Therefore
mixing ratios > 2 ppqv could be considered anomalously high at the site. It was similar at
Thompson Farm (coastal). We added this information and cited our Part I paper in that
paragraph now. See Lines 421 —423.

p- 20 When the authors refer to Table 1, there is some discussion of how many points were above
the LOD but there is nothing in the table to describe that. Either give a number (how many
points were below LOD versus the total points given in Table 1) or include something about
observations below LOD in Table 1. Because the authors have data that is above the LOD for
days with precipitation, it would be helpful to understand how much of the data is like that (only
10%? 50%?)

Onp. 18 (i.e. p. 28412) we referred to Table 1.

We added the numbers of sample points with RGM < LOD and relevant information was added
into the text accordingly. The revised Table 1 is as follows:

Table 1. Seasonal mean (denoted as avg) + 1o values (ppqv) of RGM at Thompson Farm for
rainy and dry conditions. N stands for the number of samples. N, stand for the number of
samples with RGM below LOD.

Rainy dry

N Np Avgtlo N Avgtlo
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 0.224+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

The text was revised accordingly:

“Effects of precipitation on RGM and Hg" at TF and AI were examined for all seasons. The
seasonal averages (+1c) for RGM at TF under rainy and dry conditions are summarized in Table
1. Note that precipitation data are not available at PM, and thus PM is not considered. In the
four summers of 2007 — 2010, the average 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 were below
the LOD under rainy conditions. In spring and winter relatively more chances were RGM
mixing ratios remaining above the LOD during rainfalls. In springs of 2007 — 2010 seasonal
averages under rainy conditions varied around 0.2 ppqv with less than half of the samples below
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 snowfalls were considered, and three-
hourly accumulated precipitation from snowfalls hardly exceeded 10 mm, none in winter 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,
suggesting less scavenging efficiency from snow compared to liquid precipitation. ”

See Lines 438 - 456.

p. 20 The authors’ interpretation of the trends in RGM with respect to precipitation seems over
interpreted. The only significant difference is for winter, whereas the ratio of RGM in dry
weather vs. wet weather is something on the order of 38-2 for spring and summer and only
reaches a lower value (2-1) for winter. Spring has higher general abundances during dry days
and the wet days seem to correspond to that overall abundance.

It is not clear to us which part of our writing concerning these comparisons, included in our
response to the previous comment, was overinterpreted. “In springs of 2007 — 2010 seasonal
averages under rainy conditions varied around 0.2 ppqv with less than half of the samples below
the LOD”. Based on that, we speculated that the higher average levels during rainfalls possibly
resulted from the RGM production rate being dominant over the washout effect of precipitation
in spring.

p. 22 Last paragraph: The start to the paragraph is very awkward. The paragraph is about
integration of RGM over a 6-hour interval. The first sentence should address that first and justify
the reason for doing it that way second.
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We took it that the reviewer was referring to the 3™ paragraph on p. 28414 starting with “It
should be noted that the time resolution of the precipitation data used for Al is different from
TF...” The revision has been made as follows:

“For Al we used 6-hourly precipitation data, which is different from the hourly time resolution
for TF. This is because the only available precipitation data for Al is the 6-hourly data from the
National Weather Service monitoring site at the Pease Airport, about 10 km from AL”

See Lines 490 —493.
p. 23 remove the hyphen after night

“Night” is replaced with “Nighttime”.

p. 24 2st paragraph: Start the paragraph with the explanation that the seasonal observations
may reflect the sensitivity of the instrumentation to particle size.

Revised as follows:

“Our previous study using bulk filters for measuring Hg" suggested a seasonal shift in the
aerosol size distribution (Talbot et al., 2001). Specifically, we found that ~90% of the Hg" was
contained in aerosols with aerodynamic diameters >2 micrometer (um) at Al and TF in summer,
in winter it shifted almost entirely to the fine fraction (<1 um) below 0.5 um with little
detectable in the coarse sizes, and in spring, there was a mixture of fine and coarse fractions. In
the same study we also suggested that the Tekran unit may not measure all the Hg" on the coarse
fractions by comparing the Tekran and bulk filter measurements. Such seasonal shift in the
aerosol size distribution and possible limitations of Tekran 1135 measurements of Hg" 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 Hg".”

See Lines 665 - 676.

P 25. I am surprised that if transport was the primary source of RGM to the location that then
other analyses in the paper tend to describe interpreted production and loss terms (instead of
dynamic fluctuations in boundary layer height, for example)

In this study we examined the relationships between speciated mercury and fundamental physical
parameters. If we consider the atmosphere as a whole system, all those parameters would be
working together intricately, and the example the reviewer provided, dynamic fluctuations in
boundary layer height are the work of interactions between those parameters. When we talk
about transport here, we were discussing the immediate effect of wind speed and direction on
redistributing mercury. The places where we discussed RGM production and losses concerned
the direct effects of solar radiation, relative humidity and precipitation. Dynamic fluctuations in
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boundary layer height should have influence on mercury levels, but they are a result of the
changes of fundamental physical parameters including solar radiation, moisture, and momentum
among other things. At this point, our understanding for the effects of individual physical
parameters is nebulous, let alone the collective effects of multiple parameters. Therefore we
centered this study on something fundamental.
p- 25 —why do the authors not mention the relationship between Hgo and relative humidity?

The relationship between Hg® and relative humidity was discussed on p. 28410.

Tables:

Table 1: The text of the table should include RGM and the units of the data (the authors could
give it a mathematical notation of RGM (ppqv) above x (x1a))

Revised to be:

“Table 1. Seasonal mean (denoted as avg) + 1o values (ppqv) of RGM at Thompson Farm for

rainy and dry conditions. N stands for the number of samples. N, stands for the number of
samples with RGM below LOD”.

Table 2: The data for RGM are an average? Out of how many points? Units should be given in
the table. The difference of the shaded and unshaded regions should be given as a header in the
table (Short Rainfall Events / Sustained (>x hours) Rainfall Events)

The RGM data were instantaneous from a 90 minute sampling interval (p. 28400).

The units were given. See p. 28423.

Table 3: Give RGM and units as labels in the table

The units were given. See p. 28424.

Table 4: Give Hgp and units in the body of the table
The units were given. See p. 28425.
Figures:

Figure 1: Figure la) appears to be missing the data for wind speed and wind direction that is
given in Figure 1b). It may be easier to distinguish some of the data if a variable or two was
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given as a line. Use the same order in the legend and same symbol types for the variables
between Figures la and 1b.

Please see Figure 1 on p. 28426. We think all data are presented. Now this makes us wonder if
the reviewer was using the published version for his/her review. We did make some technical
corrections before it was published in ACPD.

We tried lines but they made the presentation messier.

The same order and same symbol types were used for Figures 1a and 1b.

Figure 3. (see comments above). Coastal/Inland sites

Added in the figure caption.

Figure 4. (see comments above). The 90 seems to be cut off in the wind roses.

Added in the figure caption. The cut-off problem was fixed.

Figure 5. (see comments above). The 90 seems to be cut off in the wind roses.

Added in the figure caption. The cut-off problem was fixed

Figure 6. The data in figure 6 b) above the 90 percentile looks to even to be real. Is it?

Those were just a couple of points that remained in the frame due to a cut-off of the scale to be
able to show the tendencies of the median and 25" percentile values.

Figure 10. The relationship between Hgp and temperature seems to be wholly captured by

By what?

Figure 10 a). Are the other 3 sub-figures necessary?
In our opinion the other 3 sub-figures are necessary as they reveal more information than the

overall picture in 10a). They reveal the specific seasons for the decreasing and increasing
tendencies and the subtle difference the summer daytime data showed compared to other seasons.

Figure 15. Is the wintertime data really sorted with respect to rain? Or precipitation (snowfall)?
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The wintertime data sorted with respect to precipitation, which includes rain and snow. This has
been clarified as follows:

“Figure 15. Diurnal cycles of RGM at TF 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.

Figures 16 and 17: (see comments above)

Same corrections as for the caption of Figure 15 were made for Figures 16 and 17.
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Abstract

Long-term continuous measurements of gaseous elemental mercury (Hg®), reactive
gaseous mercury (RGM), and particulate phase mercury (Hg") were conducted at coastal
(Thompson Farm, denoted as TF), marine (Appledore Island, denoted as Al), and elevated inland
(Pac Monadnock, denoted as PM) monitoring sites of the AIRMAP Observing Network. Diurnal,
seasonal, annual, and interannual variability in Hg°, RGM, and Hg" from the three distinctly
different environments were characterized and compared in Part I. Here in Part II relationships
between speciated mercury (i.e., Hg®, RGM, and Hg") and climate variables (e.g., temperature,
wind speed, humidity, solar radiation, and precipitation) were examined. The best point-to-point
correlations were found between Hg® and temperature in summer at TF and spring at PM, but
there was no similar correlation at AI. Subsets of data demonstrated regional impacts of episodic
dynamic processes such as strong cyclonic systems on ambient levels of Hg® at all three sites,
possibly through enhanced oceanic evasion of Hg®. A tendency of higher levels of RGM and
Hg" was identified in spring and summer under sunny conditions in all environments.
Specifically, the 10", 25™ median, 75", and 90" percentile mixing ratios of RGM and Hg"
increased with stronger solar radiation at both the coastal and marine sites. These metrics
decreased with increasing wind speed at Al indicating enhanced loss of RGM and Hg" through
deposition. RGM and Hg" levels correlated with temperature positively in spring, summer and
fall at the coastal and marine locations. In the coastal region relationships between RGM and
relative humidity suggested 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 locations was similar.

At the coastal site, RGM levels were a factor of 3-4 to two orders of magnitude higher under dry
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conditions than rainy conditions in all seasons. In winter RGM mixing ratios appeared to be
mostly above the limit of detection (LOD) during snowfalls suggesting less scavenging
efficiency of snow. Mixing ratios of Hg" at the coastal and marine sites remained above the
LOD under rainy conditions. Precipitation had negligible impact on the magnitude and pattern of

diurnal variation of Hg" in all seasons in the marine environment.
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1. Introduction

Mercury is a dangerous toxin detrimental to human health and thus it is of paramount
importance to understand the processes that control the ambient levels of atmospheric mercury.
Mercury exists in three forms, gaseous elemental mercury (Hg®), reactive gaseous mercury
(RGM = HgCl, + HgBr,+ HgOBr + ...), and particulate phase mercury (Hg"). Mercury cycling,
i.e., transformation between the three forms, is intricately linked to dynamical, physical and
chemical processes in the atmosphere. Moreover, source and sink strengths of Hg°® are
dependent on physical parameters such as temperature and wind. However, Jacob and Winner
(2008) 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 relationships 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 locations. For example, Gardfeldt et al. (2003)
found from their one month campaign over the Atlantic and two month measurements 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 total gaseous mercury (TGM)
and temperature to seasonal difference in emission rates of coal-fired power plants (winter
maximum) in the northern hemisphere based on two summers 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, Ontario, Canada suggested highest Hg” concentrations in late spring and fall possibly due
to increases in air temperature among other factors in spring and lower atmospheric mixing

height in fall (Baya and Van Heyst, 2010). This relationship was supported by our study (Sigler
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et al.,, 2009a) with significant positive correlation between seasonally averaged Hg’ and
temperature in spring and fall 2007 at a coastal and marine site from southern New Hampshire.
Ambient levels of Hg” and TGM were also found to be correlated with solar 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
Hg° to RGM by oxidation involves photochemistry (Lin et al., 1999), which indicates a link
between RGM concentrations and solar radiation. 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 observed 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; Poissant et al., 2004; Poissant et al., 2005; Laurier et al., 2007).

There are limited long-term data sets of Hg', and their relationships with physical
variables suggested that high levels were mostly associated with wind driven transport, chemical
and physical transformation processes. For instance, the one-year Hg” dataset from Poissant et al.
(2005) exhibited higher levels of Hg" associated with transport, RGM gas-particle partitioning,
and Hg® oxidation. Liu et al. (2007) suggested that the diurnal pattern of Hg" (as well as that of
Hg®) was strongly influenced by boundary layer dynamics, temperature and humidity 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 Hg" (as well as Hg® and RGM) showed distinct and
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consistent relationships with the average planetary boundary layer dynamics, which were
enhanced in a shallow nocturnal boundary layer.

Wind data have been used to trace back the origin of high mercury concentrations. Some
studies often found association between high concentrations of mercury and wind direction
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 detected 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 hypothesized the impact of the April
2007 Nor’easter on ambient levels of Hg® that were reflected in sudden enhancements of 52 ppqv
and 26 ppqv over a span of 14 and 12 hours 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 physical
parameters. Six-year measurement datasets from Mace Head, Ireland and Zingst, Germany
showed a strong positive correlation TGM bore with wind and dew point (Kock et al., 2005).
Cole and Steffen (2010) found a positive correlation between Hg® and air temperature from their
12 year (1995 — 2007) measurement data in Alert, Canada although it was not clear if
temperature was the direct cause of the Hg® variability. Multiple-year continuous measurements
of Hg°, RGM, and HgP have been conducted at inland, coastal, and marine locations from the
AIRMAP Observing Network. This study is Part II of a two paper series. Part I focuses on key
characteristics of Hg®, RGM, and Hg® variations ranging from diurnal to interannual 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 mercury are associated with

atmospheric conditions via their relationships with climate variables in different environments.
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2. Measurements and Approach

As stated in Mao and Talbot (2011), multiple-year measurements of Hg®, RGM, and Hg"
have been conducted at three AIRMAP (www.airmap.unh.edu) Observatory sites: Thompson
Farm (43.11°N, 70.95°W, 24 m agl) (TF), Pac Monadnock (42.86°N, 71.88°W, 700 m agl) (PM),
and Appledore Island (42.97°N, 70.62°W, 40 m agl) (Al). The PM and TF sites are 185 and 25
km, respectively, inland from the Atlantic Ocean, while Al 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 environments.
Moreover, due to the remote central location of PM in New England and its 700 m elevation (i.e.,
above the nocturnal 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 and Talbot, 2004;
Mao et al., 2008).

Mercury instruments were operated in a manner identical at TF (coastal), PM (inland),
and Al (marine) to ensure data consistency. Details of the instruments can be found in Mao et al.
(2008), Sigler et al. (2009a), and Mao and Talbot (2011). Briefly, a Tekran 1130 denuder
module operated in series with the 2537A provided continuous measurements of RGM and Hg®
respectively. Ambient mixing ratios of Hg® were measured continuously using the 2537A cold
vapor atomic fluorescence spectrometer with 5-minute time resolution and a limit of detection
(LOD) of ~10 ppqv (1 ng m> = 112 ppqv). RGM is measured with a 90 minute sampling
interval 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

measuring Hg" at Al (marine) was modified by replacing the elutriator with one that contained
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no impaction plate to facilitate collection of coarse aerosols on the quartz frit in the Tekran 1135
(Talbot et al., 2011).

Continuous Hg°® measurements with 5-minute resolution have been ongoing since
November 2003 at TF (coastal), December 2004 at PM (inland), and June 2007 at Al (marine).
Measurements of RGM with 2-hour resolution were added at TF (coastal) in November 2006,
December 2006 at PM (inland), and on Al (marine) in June 2007. Measurements of Hg" started
at TF (coastal) in February 2009 and on Al (marine) in April 2009.

Data of temperature, wind, relative humidity, solar radiation (in the form of JNO, at Al
(marine)) were obtained from the long term meteorological measurements by AIRMAP at TF
(coastal), PM (inland), and AI (marine). This is complemented by hourly precipitation and
radiation flux data from the NOAA’s US Climate Reference Network site co-located at TF
(coastal) (publicly available at http://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 Al (marine). Where there were a significant fraction of wind and
temperature data missing on Al (marine) due to power shortage under 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 at 1”>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 detailed study of relationships between Hg®/RGM/Hg" and other
chemical compounds will be presented in Part III (Mao et al., 2012). A description of CO

measurement can be found in Mao and Talbot (2004a).
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3. Relationships between Hg°/RGM/Hg" and meteorological parameters
3.1 Wind

One of the most significant sources of mercury is anthropogenic emissions, and the
AIRMAP Observing Network is located downwind of major industrial sources and metropolitan
areas. Moreover, Sigler et al. (2009b) reported enhancements of 30-50 ppqv in Hg® mixing
ratios at TF a coastal and at PM (inland) an elevated inland site in southern NH during the most
intense period of the April 2007 Nor’easter and hypothesized that it was due to strong wind
induced oceanic emissions. Therefore, it is logical to speculate on an association between Hg®
levels and wind speed and direction. Yet, seasonal scatter plots of Hg® mixing ratios versus
wind speed and directions at TF (coastal), Al (marine), and PM (inland) did not reveal distinct
relationships.

However, a close examination of a subset of data revealed association between Hg°
mixing ratios and wind speed at Al (marine), as suggested in Figure 1a, where the majority of the
measurements were taken during the time periods of 22 — 29 October and the month of
November 2008. Interestingly there appeared to be a 3-4 day periodicity in Hg® mixing ratios
during the time period of 22 October — 30 November 2008 (Figure 1a). Some periods of higher
Hg® levels coincided with higher CO levels and others showed Hg® and CO in opposite phases.
A particular interesting case is the one over 14-16 November 2008, when Hg® and wind speed
was correlated at r’=0.18 and slope = 3.7 ppqv per m s (Figures 1b,c). The Hg® mixing ratio
started increasing in the early morning and was enhanced by ~70 ppqv reaching 205 ppqv in 24
hours, and this increase, somewhat dampened later on, lasted through midday 16 November.
During the hours of the first Hg® peak on 15 November CO measurements were not available;

during the hours of the second Hg® peak on 16 November, CO mixing ratios were decreased by
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~40 ppbv to as low as ~90 ppbv at 00:00. The wind direction appeared to be varying in the two
easterly quadrants and was mostly southerly and southeasterly at the times of the CO minimum
and Hg® maximum. This indicates that the increase of Hg® 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 patterns during 14-16 November
2008. During this time period New England was impacted by a strong cyclone with sustained
coastal surface winds exceeding 15 m s and periods of widespread heavy rainfall. At 00:00
UTC on 16 November the cyclone was located in upstate New York near the Canadian border
with a central sea level pressure of 990 hPa (Figure 2) and produced strengthening southerly and
southeasterly surface winds at Al (marine) and surrounding coastal and marine locations during
the afternoon of 15 November and into the morning of 16 November. The wind speed measured
at Al (marine) increased from ~3 m s at 00:00 UTC on 15 November to ~8 m s in 12 hours,
then after a slight slowing during that afternoon increased steadily to a peak value greater than 16
m s”' by 00:00 UTC on 16 November. The winds at Al (marine) shifted into the southwesterly
and then northwesterly direction during the day on 16 November before gradually slowing
during the next day as the cyclone center moved northeastward into eastern Canada. The
evolution of dynamic processes during 14 — 16 November suggested unusually strong winds
from a maritime direction that coincided in time with the onset of the sudden increase in Hg®.

We also examined Hg® mixing ratios during the same time period for TF (coastal) and
PM (inland) (Figure 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 November the Hg® mixing ratio kept rising after reaching the daily

maximum and the increasing trend continued through 14 November leveling off at 173 ppqv on
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15 November and then hovered around that level until 12:00 UTC of 16 November (Figure 3a).
PM (inland) experienced an increase during 14 — 15 November that was similar to the one at TF
(coastal) followed by a slowed decrease on 15 November (Figure 3b). These somewhat
synchronized changes in Hg° mixing ratios at the three sites during the storm supported our
hypothesis in Sigler et al. (2009b) that strong wind induced enhancement in oceanic emissions of
Hg® can have a regional influence on ambient levels of Hg® that can reach far inland.

At TF (coastal) 50% of the total data were collected under wind speed <1 m s™', which
nearly all occurred 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 75" percentile values were lowest. The
largest 75™ percentile value (0.6 ppqv) was associated with wind speed 2 — 3 m s™. Overall,
under conditions of wind speed > 2 m s™', 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 implications
of these features are twofold. First, higher RGM levels were possibly a result of local production
and transport. Second, there are opposing effects of windier conditions on the ambient level of
RGM at TF (coastal), increased dry depositional loss and enhanced transport of RGM. In
addition, stronger winds are often associated with precipitation resulting in scavenging via wet
deposition. The wind rose of RGM (Figure 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 Al (marine), and RGM mixing ratios
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appeared to be less dependent on wind speed, which is evidenced in median values of 0.2 ppqv
in all wind speed ranges except the median value below the LOD for wind speed greater than 10
m s™ (Figure 4c). The 75™ percentile value varied from 0.3 ppqv at winds exceeding 10 m s™ to
0.6 ppqv at winds <6 m s”'. RGM at Al is a result of Hg® oxidation, transport, and deposition, of
which the net effect seemed to be most positive to the ambient level over the <6 m s™ wind speed
range. The wind rose (Figure 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 75" percentile values barely reach the LOD (Figure 4¢). The
majority of RGM mixing ratios >0.2 ppqv were observed in two primary wind direction ranges,
east and southwest (Figure 4f) in the four seasons of 2007, with a few samples from the southeast.
There are two coal-fired power plants southwest of PM (inland) near Springfield, MA (Solution,
Inc and Northeastern 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
influence of these power plant emissions could reach PM (inland).

The relationship between Hg" and wind speed at TF (coastal) suggested no dependence of
all metrics of Hg", including 25" percentile, median, or 75" percentile values, on wind direction
over all ranges of wind speed (Figures 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 Hg" were hardly observed beyond that season. Three-day

backward trajectories suggested that air masses with higher Hg" levels originated from southern
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Canada or eastern to southern U.S. via sweeping southerly to northwesterly flows from the 500
m to 2000 m altitude. The same back trajectories run for air masses with low Hg" levels during
the same time period did not appear to be vastly different. It is unclear why the highest Hg"
mixing ratios were measured during winter 2009.

Unlike the TF (coastal) location, at Al (marine) there appeared to be a decreasing
tendency in Hg" mixing ratios with increasing wind speed (Figure 5¢). In particular, the 75"
percentile value decreased from 0.6 ppqv at wind speed <6 m s to 0.2 ppqv at wind speed >10
m s™', and the trend in median values for all wind speed ranges was similar but the decrease rate
was slowed by one-half. This suggests a strong impact of dry depositional loss of aerosols on
ambient mixing ratios. For samples with Hg" >1.5 ppqv, air masses seemed to come from all
directions, whereas air with Hg” over the range of 0.5 — 1.5 ppqv was more prevalent in the
westerly flow indicating a land influence (Figure 5d).

3.2 Solar radiation

The relationship of Hg®, RGM, or Hg" with solar radiation was examined using Hg®,
RGM, or Hg" versus surface solar radiation flux at TF (coastal) while versus jNO, at Al (marine)
for daytime: 12:00 — 18:00 UTC and 18:00 — 00:00 UTC. No measurements of solar radiation
were available at PM (inland). No relationship between Hg® and solar radiation was observed at
TF (coastal) and Al (marine) for the two daytime quadrants in all seasons, and thus we focus on
RGM and Hg".

For RGM at TF (coastal), a positive relationship with solar radiation in spring was
observed in the 25th, median, and 750 percentile values, while at Al (marine) a positive
relationship was found in both spring and summer (Figures 6a,b). The increase with radiation

flux was more significant at TF (coastal) with the median value rising from 0.4 to 1.4 ppqv
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compared to a lesser increase from 0.1 to 0.4 ppqv at Al (marine). For Hg', its positive
relationship with solar radiation was observed in summer at both TF (coastal) and Al (marine)
(Figures 6¢,d). One exception is that at Al (marine), the increasing trends in the 25" median,
and 75" percentile values of Hg" turned downward at jNO, >0.008 s”'. These results indicate
that production processes of RGM and Hg" are closely linked to solar radiation in the coastal and
marine environments in spring and/or summer.
3.3 Temperature

Examination of seasonal data of Hg® versus temperature at TF (coastal) indicated a
scattered, correlative relationship between Hg® and temperature in all summers during the time
period of 2004 — 2010 (Figure 7) whereas no correlation appeared to exist in other seasons. The
r* value varied over the range of 0.12 — 0.20 with slope values over 0.7 — 2.0 ppqv/°C at the 95%
confidence interval. At PM (inland) the Hg® versus temperature at PM (inland) exhibited a
somewhat positive correlation in springs 2007 — 2010 (Figure 8). At Al (marine), no correlation
between Hg® and temperature was found for all seasons during 2007 — 2010. One curious
exception is winter 2009 where we found a correlation of ’=0.2 and a 1.2 ppqv/ °C slope value
at the 95% confidence interval, and this correlation was not reproduced in the following winter.

In summary these relationships suggested a somewhat positive correlation between Hg’
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 marine boundary layer. The positive correlation at the former two sites was reproducible
during the study period of 4 — 7 years with slightly varying correlation coefficients and slope
values, which indicates the consistency of the relationship.

The box plot of RGM versus temperature at TF (coastal), PM (inland), and Al (marine)
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suggested higher levels of RGM, be it the 25™ percentile, median, or 75" percentile value, at
warmer temperatures during the warm season (i.e., spring and summer) and this tendency was
enhanced for daytime data (Figures 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 (Figure 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 (Figure 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 Al (marine), and this relationship was
enhanced in daytime data (Figures 9c,d). In fall, only in the highest temperature bin (>16°C) did
the median level of ~ 0.3 ppqv exceed the LOD, and there was no systematic pattern in the 75"
percentile value. One unique feature at Al (marine) 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 (Figure 9¢). This pattern was slightly enhanced in

the daytime 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 104"
February from 1* being the coldest to 116™ warmest and 104™ from 1% driest to 116" wettest in
New Hampshire based on the 116 years of record running from 1895 to 2010

(http://www.nrcc.cornell.edu/page summaries.html). This implies that more RGM was possibly
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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 75" 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 75" percentile values rose

to 0.3 — 0.4 ppqv as temperature went beyond 8°C, and 2.) in winter the 75™ percentile value

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

Relationships between Hg” and temperature were examined for TF (coastal) and Al
(marine) where measurements were available. At TF (coastal) total measurement data showed
two opposite regimes in the Hg'-temperature relationship: negative and positive correlation at

temperatures below and above 8°C, respectively (Figure 10a). Similar to RGM, Hg" exhibited

an increasing tendency with warming temperatures in spring and summer, especially during
daytime at TF (coastal) (Figures 10b,c), which was consistently evidenced in the tendency of
nearly all of the median, 75", and 90" 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 75" values
corresponding to the lower temperatures (<-6°C) (Figure 10d), and this tendency was enhanced
in the nighttime data. The decrease in median and 75™ percentile values was around 0.7 ppqv
from <-8°C to >2°C of temperature. In the fall, the median and 75" percentile values over all
temperature bins hovered around the LOD except at the upper end of the temperature range
(>17°C) with Hg" reaching 0.3 — 0.4 ppqv which occurred mostly close in time to the warm

s€ason.
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At Al (marine) there was only one month of data for the winter season during the study
period, and thus the Hg" versus temperature relationship for all data largely represents the
relationship in spring, summer and fall. 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 10", 25"
median, 75", and 90" percentile values increased with warming temperature (Figure 11a). This
tendency was enhanced in spring and summer (Figures 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 (Figure 11d).

3.4 Relative Humidity

No overall well-defined relationships were observed between Hg° and relative humidity
at TF (coastal), PM (inland), and Al (marine) for all seasons. Two points are noted. First, at TF
(coastal), in summer and fall there were very low levels of Hg®, reaching as low as 40 — 50 ppqv
corresponding to 95-100% relative humidity, which occurred on nights with nocturnal inversions.
Second, in summer at Al (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 (Figures 12a,b,c).

A close examination of the upper boundary in the summertime data at Al (marine)
revealed that nearly all samples 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. Corresponding to these
data points, there was a vague anti-correlation between Hg® and temperature as well as between

temperature and relative humidity (Figures 12d,e,f,g). In the meantime no systematic patterns
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were observed between Hg® and JNO,, as well as between JNO, and temperature. It indicates
that solar radiation may not be the dominant driving force for the linear relationship between Hg’
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 research 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 metrics, including 10", 25" median, 75", and 90" percentile values,
from less than 40% to 100% relative humidity levels in all seasons (Figures 13a-e). Particularly
in spring, the median level of RGM was 1 ppqv, 75" and 90" 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 exceeded the LOD.

The largest difference in RGM versus relative humidity at Al (marine) (Figures 13f-))
compared to TF (coastal) and PM (inland) was less variability of the metrics, except the 90"
percentile value, over all bins of relative humidity. Specifically, in the overall relationship
(Figure 13f) the 25™, median, and 75" percentile 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 relative
humidity <50% compared to the highest levels of RGM occurring in spring at TF (coastal).

The plots of RGM versus relative humidity for TF (coastal) suggested a better defined
negative correlation in spring and summer (r°=0.25 and 0.30 respectively) than in fall and winter

(Figure 14). Since at night humidity reaches >90% most of the time and removal of RGM and
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Hg" is rapid, we will consider the relationship for daytime only (i.e., 12:00 — 23:59 UTC) and no
precipitation. Fifteen percent of the total 1336 samples during the four springs exceeded 2 ppqv
which corresponded to relative humidity <60%. In the four summers, 20% the total 1395
samples exceeded 0.5 ppqv corresponding to relative humidity varying over 40%-100% with the
largest under drier conditions gradually decreasing to wetter conditions. Fain et al. (2009)
showed that high RGM levels were always observed with relative humidity below 40 to 50% at
Storm Peak Laboratory at an elevation 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 Hg®.
Overall, it is not straightforward to link directly the cause of higher RGM to 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.

The relationship of RGM and relative humidity at Al (marine) in spring was better
defined than in other seasons, and it was more scattered than that at TF (coastal), possibly
because of smaller variability in relative humidity in a marine environment than over land. A
value of 2 ppqv was used as a threshold based on the fact that the largest springtime seasonal 90
percentile level of RGM was 1.9 ppqv at Al (marine) (See Table 1 in Mao and Talbot, 2011),
and thus numbers > 2 ppqv can be considered anomalous. In springs 2008 - 2010, with
constraints of daytime and no precipitation, about 10% of the total 542 points showed RGM
mixing ratios exceeding 2 ppqv, which were observed from 14:00 — 23:59 UTC and
corresponded to relative humidity <70%. With the same constraints, in summers 2007, 2008,
and 2010 (relative humidity measurements missing in summer 2009) 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
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429  12:00 — 14:00 UT. Higher RGM mixing ratios were observed at all levels of relative humidity
430  ranging from 40% - 100%. These results suggest that in the marine environment the RGM
431  production rate in summer dominated over the dependence of loss rate on humidity yielding a
432 rather even spread of higher levels of RGM over the spectrum of relative humidity.

433 There seems to be no relationship between relative humidity and Hg" mixing ratios for all
434  seasons at Al (marine). At TF (coastal) a correlation was observed for summers 2009 and 2010
435  with 1’=0.38 and 0.29 respectively and slope values of -0.006 - -0.007 ppqv Hg" per 1% relative
436  humidity. The reason for this relationship is unclear.

437 3.5 Precipitation

438 Effects of precipitation on RGM and Hg" at TF (coastal) and Al (marine) were examined
439  for all seasons. The seasonal averages (+1c) for RGM at TF (coastal) under rainy and dry
440  conditions are summarized in Table 1. Note that precipitation data are not available at PM
441  (inland), and thus PM (inland) is not considered. In the four summers of 2007 — 2010, the
442  average levels of RGM under dry conditions varied from 0.1 to 0.2 ppqv, whereas more than 95%
443  of the samples under rainy conditions were below the LOD except summer 2009. In summer
444 2009 a little over half of the data points from rainy conditions were below the LOD, and
445  therefore that was the only summer with the average RGM level barely above the LOD.
446  Similarly in all four falls the majority of RGM mixing ratios (>80%) were below the LOD under
447  rainy conditions. In spring and winter relatively more chances were RGM mixing ratios
448  remaining above the LOD during rainfalls. In springs of 2007 — 2010 seasonal averages under
449  rainy conditions varied around 0.2 ppqv with less than half of the samples below the LOD and
450  those under dry conditions were a factor of 3 — 4 to two orders of magnitude higher, suggesting

451  that the RGM production rate dominated over the washout effect of precipitation in spring. In
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winters of 2007 — 2010, only snowfalls were considered, and three-hourly accumulated
precipitation from snowfalls hardly exceeded 10 mm, none in winter 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, suggesting
less scavenging efficiency from snow compared to liquid precipitation.

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 (Figure 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 annual 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 variation 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 mixing from aloft after sunrise. Third, for springtime
dry days, the daytime RGM mixing ratios were the largest of all seasons 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 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.
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Closer examination of changes in RGM at the onset of and during rainfalls in summer
and spring at TF (coastal) revealed two main characteristics. First, the RGM levels generally fell
below the LOD immediately after a rainfall began nearly independent of the precipitation
amount. Second, there were 12 exceptional events, mostly in spring and summer, where RGM
actually increased during a rainfall, and there were four rainfalls lasting 9 — 19 hours with RGM
mixing ratios consistently hovering at levels above the LOD (Table 2).

Diurnal and seasonal variability in Hg" at TF (coastal) appeared to be smaller than that of
RGM at TF (coastal) in the three subsets of data (Figure 16). On dry days, the magnitude of Hg"
variability in spring was close to that in winter, with both hovering around 0.5 ppqv compared to
mostly below 0.5 ppqv in summer and fall. The diurnal variability and patterns on days with
nighttime and daytime rain did not differ from those on dry days as much as RGM, meaning Hg"
was rarely washed out entirely by precipitation and most samples remained above the LOD. A
few sample points of Hg" 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 Hg" mixing ratio substantially before the snow began.

For Al (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 Al are
the 6-hourly data from the National Weather Service monitoring site at the Pease Airport, about
10 km from AIL. To match that, we integrated RGM over the 6-hour 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 Al
(marine) under dry conditions, seasonally averaged mixing ratios remained well above the LOD

in all seasons with remarkable year-to-year variability (Table 3). For example, in spring the
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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 highest 0.59 ppqv in 2009.

Furthermore, similar to TF (coastal), under dry conditions the seasonally averaged
diurnal patterns of RGM at Al (marine) were better defined in spring and summer than fall and
winter (Figure 17). Overall nighttime and daytime precipitation dampened diurnal variability
lowering RGM levels throughout the day except in winter when nighttime precipitation
suppressed mixing ratios only during the nighttime and conversely daytime precipitation only
lowered the daytime mixing ratios. Summer 2007 and fall 2009 appeared to be quite different
with much higher mixing ratios on days with nighttime or daytime precipitation. 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 accompanied by unusually high levels of RGM. A
preliminary examination of limited chemical tracers (only CO and Os; 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 Hg" at Al
(marine): 1.) seasonal averaged mixing ratios hovered around the LOD under rainy conditions in
all seasons, 2.) highest seasonal averaged levels under 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 Hg"
data, i.e., dry, with nighttime rain, and with daytime rain, suggested that occurrence of rain, be it
at night or during the day, had negligible impact on the magnitude and pattern of diurnal

variation of Hg" at AI (marine) in all seasons (Figure 18). Moreover, there was little variability
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in the four seasons under the three conditions, except in fall 2009 which was a unique case.
4. Discussion

As summarized in the Introduction, relationships between mercury and physical
parameters had been examined using limited datasets ranging from weeks to 1-2 years in
previous studies. The most commonly studied relationships are ones that Hg® or TGM has with
temperature and wind. A few studies explored how speciated mercury was related to solar
radiation, relative humidity and precipitation using daily or seasonal average levels of mercury
for such examination. To the best of our knowledge, our study is the first attempt to examine
aforementioned relationships using long-term continuous measurement data of highest temporal
resolution for different seasons and contrasting geographical environments. We found that one-
to-one corresponding relationships between speciated mercury and physical parameters of high
temporal resolution were too scattered to yield meaningful correlations except Hg® wvs.
temperature in the coastal and inland environments during the warm season. However, subsets
of data disclosed better defined relationships, in large part due to the dominance of a single
parameter in the processes that were captured in those subsets of data. 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.
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 concentrations
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 (Gardfeldt et al.,
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2003; Sigler et al., 2009b). Our study confirmed such effects of wind speed and direction on
mercury. In particular, we revealed a somewhat positive correlation between Hg’ 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 Hg® at all three sites. This finding corroborated our hypothesis in
Sigler et al. (2009b) that strong wind induced enhancement in oceanic emissions of Hg® can have
a regional influence on ambient levels of Hg® that can reach far inland.

We found very few RGM mixing ratios exceeding the LOD at the inland rural elevated
site. At the coastal site, 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. Transport of RGM to the coastal site 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 relatively high RGM levels
seemed to be associated with large SO, mixing ratios indicating combustion sources, which will
be further investigated in a separate manuscript on the relationships between mercury and key
chemical compounds (Mao et al., 2012).

In the marine environment RGM mixing ratios appeared to be less dependent on wind
speed. However a few sample points with mixing ratios >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. It is curious that RGM could survive the transport over a distance of 4-5 hours,
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
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contributions. Further, it could also result from release of RGM in the form of HgCl, from the
surface of sea salt aerosols as suggested by Pirrone et al. (2000) and the several days of lifetime
of sea salt aerosols.

The relationship between Hg' and wind speed differed in the coastal and marine
environment. While no apparent dependence of Hg" on wind speed was observed at the coastal
site, a decreasing tendency in Hg" mixing ratios with increasing wind speed at Al (marine)
suggested a strong impact of dry depositional loss of aerosols on ambient mixing ratios in the
marine environment. Mixing ratios of Hg" over the 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, positive relationships were observed between solar
radiation and RGM as well as Hg" in coastal and marine environments in the warm season.
Furthermore, our results suggested seasonal difference between sites for RGM. A positive
relationship between RGM and solar radiation was found in spring in the coastal environment,
while in both spring and summer at the marine site. Additionally the increase with radiation 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 RGM were predominant in different seasons in the two
environments. In the marine boundary layer, the positive effect of solar radiation on both RGM
and Hg" appeared to be dominant in the 12:00 - 18:00 UTC time quadrant, and was reduced by
removal processes in the 18:00 — 00:00 UTC time quadrant. This is consistent with the monthly
averaged diurnal variation of RGM where the mixing ratio exhibited a steady increase over 12-

15 UTC and leveled off after that as rates of loss and production became comparable.
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Also, compared to the coastal environment more factors can affect RGM production in
the marine environment in addition to solar radiation, including halogen radical concentrations
and sea salt aerosol concentrations. The seasonal and diurnal variabilities in these factors may
not be synchronized and thus different combinations of factors may weigh in on their influences
on RGM production at different times. Halogen radical concentrations are dependent on solar
radiation, which is indirectly 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 radiation on RGM was observed
in both spring and summer at the marine site.

4.3 Temperature

A consistent positive, albeit not strong, correlation between Hg® and temperature was
observed 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. No such correlation was found at a site in the marine
boundary layer. Our previous study found significant correlation between Hg® and temperature
averaged at each hour of a day over the seasons of spring and fall 2007 at TF (coastal) and Al
(marine) (Sigler et al., 2009a), and speculated that higher Hg® may be attributed to thermally
and/or photochemically mediated release from soil (e.g., Poissant and Casimir, 1998; Sigler and
Lee, 2006). No consistent Hg’-temperature correlation in the marine boundary layer during the
warm season seems to support this speculation.

Higher levels of RGM was observed at warmer temperatures during the warm season (i.e.,
spring and summer) and this tendency was enhanced equally for daytime data in the coastal,
marine, and inland environments. Lesser scavenging in winter possibly led to detectable 75™

percentile values at the inland site. Since the diurnal and seasonal cycles of temperature and
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solar radiation are intricately associated, it is impossible 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 kilometers 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 influence of major
anthropogenic sources: 1.) RGM mixing ratios were mostly below the LOD, 2.) the mixing ratios
exceeding the LOD exhibited a tendency of higher levels at warmer temperature.

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

correlation at temperatures below and above 8°C, respectively, corresponded to the cold and

warm seasons. At Al (marine) perhaps because of the missing wintertime data, there is only one
pattern showing values increased with warming temperature.

The positive relationship between Hg' and temperature in warmer seasons possibly
reflects the effect of solar radiation on Hg cycling, i.e., stronger solar radiation conducive to
more radicals with subsequent impact on Hg® oxidation leading to more RGM and subsequently
more Hg" 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 correlation between temperature and speciated Hg (i.e., RGM and Hg") is more of an
indication of common physical mechanisms that drive variation in them than a direct link. This
hypothesis is in fact supported by the relationships between RGM/Hg" and radiation flux under
no precipitation conditions at the coastal site as well as between RGM (HgP) and JNO; at the

marine site as described in Section 3.
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4.4 Relative Humidity

No overall well-defined relationships were observed between Hg° and relative humidity
in all three environments for all seasons. A decreasing tendency in RGM with increasing relative
humidity levels in all seasons was observed at the coastal site as well as the median level of
exceeding the LOD at the inland site in spring and winter at relative humidity <60%. It is not
straightforward to link directly the cause of higher RGM to lower relative humidity, because
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 and inland sites, there was less variability in RGM with varying
relative humidity in the marine environment, 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 precipitation 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 precipitation on diurnal variability of speciated mercury
in different environments. Consistent with previous work, we also observed 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, 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
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that RGM was invariably washed out by precipitation in the continental and marine boundary
layers.

It was also found that in winter less scavenging efficiency from snow compared to liquid
precipitation. This is consistent with the findings of Lombard et al. (2011) in that both the total
seasonal Hg wet deposition and volume-weighted Hg concentration in rain water reached the
annual minimum in winter during their three year sample collection at TF (coastal).

Our study suggested small impact of precipitation on Hg" levels in the coastal and marine
environments. Talbot et al. (2011) using bulk filters for measuring Hg" suggested a seasonal
shift in the aerosol size distribution. Specifically, we found that ~90% of the Hg" was contained
in aerosols with aerodynamic diameters >2 micrometer (um) at Al (marine) and TF (coastal) in
summer, in winter it shifted almost entirely to the fine fraction (<1 um) below 0.5 um with little
detectable in the coarse sizes, and in spring, there was a mixture of fine and coarse fractions. In
the same study we also suggested that the Tekran unit may not measure all the Hg" on the coarse
fractions by comparing the Tekran and bulk filter measurements. Such seasonal shift in the
aerosol size distribution and possible limitations of Tekran 1135 measurements of Hg" 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 Hg".

5. Summary

In this study, we present a comprehensive analysis of relationships that Hg®, RGM, and
ng bore with climate variables in inland elevated rural, coastal, and marine environments using
3 — 7 years of continuous data sets of high temporal resolution. This extensive analysis of long

term measurement data suggested great complexity in the climate impact on ambient levels of

29



682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

speciated mercury. More specifically, there did not appear to be simple and direct linkage

between Hg°/RGM/Hg" and any physical variables; positive or negative effects were indicated

by the trends in Hg®/RGM/Hg" mixing ratios corresponding to varying climatic conditions. A

few key points on such trends are summarized as follows.

The impact of wind speed on ambient mixing ratios of Hg® in all three environments
was best captured during an occurrence of a strong cyclonic system in November
2008 when winds exceeded 15 m s™ at Al (marine), in agreement with our case study
of the April 2007 Nor’easter in Sigler et al. (2009b). The RGM and Hg" median, 75%,
and 90" 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 < Im s™) and highest at southerly and
southeasterly winds >2 m s suggesting that transport was the primary source of
RGM to our study location.

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

The best point-to-point correlation was found between Hg® and temperature in
summer at the coastal location and spring at the inland elevated rural site. No
correlation was found in the marine boundary layer. This supports the speculation
from our previous study on thermally and/or photochemically mediated release of
Hge from soil. RGM and Hg" at all sites were positively correlated with temperature
in spring, summer, and fall.

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

e 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 factor of 3-4 to
two orders of magnitude higher under dry conditions in spring. In winter RGM
mixing ratios appeared to be mostly above 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 at TF (coastal),
suggesting less scavenging efficiency of snow. Hg" did not seem to be washed out
entirely by precipitation as RGM would be most of the time; most samples remained
above the LOD. Precipitation had negligible impact on the magnitude and pattern of
diurnal variation of Hg" at the marine site Al (marine) in all seasons.

Many questions from this study remain to be addressed, e.g., quantifying strong wind
induced oceanic evasion, mechanisms driving the positive correlations between mercury and
temperature/solar radiation, and less impact of relative humidity and precipitation on Hg" than on
RGM. In addition, longer continuous measurement data of Hg®, RGM, and Hg" are imperative
to obtain rigorous quantification of their relationships with climate variables. Future research is
warranted to obtain in-depth knowledge of the mechanisms driving those relationships.
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Table 1. Seasonal mean (denoted as avg) + 1o values (ppqv) of RGM at Thompson Farm for
rainy and dry conditions. N stands for the number of samples. N;, stands for the number of
samples with RGM below the LOD.

Rainy dry

N Np Avgtlo N Avgtlo
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
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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 precipitation amount (mm) for each sample cycle.
The rainfall episodes on the left saw increasing RGM levels, and the ones on the right (shaded)
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
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Table 3. Seasonal mean (denoted as avg) + 1o values (ppqv) of RGM at Appledore Island for
rainy and dry conditions. N stands for the number of samples.

Rainy dry

N Avgtlo N Avgtlo
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

Table 4. Seasonal mean (denoted as avg) + 1o values (ppqv) of Hg' at Appledore Island for rainy
and dry conditions. N stands for the number of samples.

Rainy dry

N Avgtlo N Avgtlo

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
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Table 5. Summary of key results in the coastal, marine, and inland environments.

Coastal (TF)

Marine (Al)

Inland elevated rural
(PM)

Wind Hg°  Transport and oceanic ~ Transport and oceanic ~ Transport and oceanic
evasion evasion evasion
RGM  Transport and local No dependence except  The very few
production values >4 ppqv points >LOD
corresponding to wind  associated with upwind
from the south and west coal-fired power plants
indicative of transport
from upwind Boston
and southern NH
Hg"  No apparent A decreasing tendency
dependence with increasing wind
speed
P
Values of 0.5 - 1.5 (no Hg' data)
ppqv corresponding to
westerly wind
Solar Hg°  No relation No relation --
Radiation (no radiation data)
RGM Positive tendency in Positive tendency in
spring spring and summer B
Hg'  Positive tendency in Positive tendency in
summer summer except that
Hg" turned downward N
at jNO, >0.008 s™'
Tempera- Hg°  Positive correlation No correlation Positive correlation
ture with fairly consistent r* with fairly consistent r*
and slope values and slope values
RGM Higher levels of RGM  RGM >LOD at warmer Higher levels of RGM
was observed at temperatures during the was observed at
warmer temperatures warm season warmer temperatures
during the warm season during the warm season
Detectable 75™
percentile values in
winter
Hg"  Two opposite regimes:  Possibly due to missing

negative and positive
correlation at
temperatures below and
above 8°C, respectively

winter data, only one
pattern showing
increasing mixing
ratios with warming
temperature
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Table 5. Continued

Coastal (TF)

Marine (Al)

Inland elevated rural
(PM)

Relative  Hg®  No overall well-defined No overall well-defined No overall well-
Humidity relationship relationship; August defined relationship
data showed a linear
correlation forming the
upper boundary ofits
relationship
RGM Decreasing tendency in  Less variability over all  In spring and winter for
all seasons bins of relative relative humidity
humidity; the highest below 60% the median
levels in summer for level of RGM exceeded
relative humidity <50% the LOD
Hg"  Correlation in summers No relationship for all
2009 and 2010 with seasons
1°=0.38 and 0.29
respectively and slope --
values of -0.006 - -
0.007 ppqv He" per 1%
relative humidity
Precipi- Hg°  No relation No relation No relation
tation
RGM In summer 95% ofthe = Nighttime and daytime

samples under rainy
conditions below the
LOD and 80% in fall.

In spring and winter
relatively more RGM
mixing ratios above the
LOD during
precipitation events.

RGM mixing ratios
mostly above the LOD
during snowfalls.

Diurnal variation
dampened greatly on
days with nighttime
rain, and little to no
variability on days with
daytime rain.

precipitation dampened
diurnal variability
lowering RGM levels
throughout the day in
the warm season.

In winter nighttime
precipitation
suppressed mixing
ratios during the
nighttime only and
conversely daytime
precipitation lowered
the daytime mixing
ratios only.
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Table 5. Continued.

Coastal (TF)

Marine (Al)

Inland elevated rural

(PM)

RGM levels falling
below the LOD
immediately after a
rainfall began nearly
independent of the
precipitation amount.

Twelve events with

RGM increasing during

a rainfall four rainfalls
lasting 9 — 19 hours
with RGM mixing
ratios consistently
hovering at levels
above the LOD

HgP

Diurnal variability and
patterns on days with
night- and daytime rain
did not differ from
those on dry days as
much as RGM

Negligible impact on
the magnitude and
pattern of diurnal
variation of Hg" at AI
(marine) in all seasons
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Figure captions:

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

(a) Wind speed (blue dots) and direction (solid black circles), mixing ratios of Hg®
(dark grey) and CO (light grey) at Al (marine) during 20 October — 30 November
2008, (b) a zoom-in on 13 — 17 November 2008 and (c) the Hg’-wind speed
correlation with 1’=0.18, slope = 3.7 ppqv per 1 ms™ for the zoom-in period.

Surface  analysis from the  Hydrometeorological  Prediction  Center
(http://www.hpc.ncep.noaa.gov/) for 0000 UTC November 16, 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.

Hg® mixing ratios at TF (coastal) (a) and PM (inland) (b) during the time period of 1
— 17 November 2008.
RGM mixing ratios versus wind speed and direction at TF (coastal) (a,b), Al (marine)
(c,d), and PM (inland) (e,f).

HgP mixing ratios versus wind speed and wind direction at TF (coastal) (a,b) and Al
(marine) (c,d)

a) RGM versus surface solar radiation flux at TF (coastal) in spring, b) RGM versus
jNO; at AI (marine) in spring and summer, ¢) Hg" versus surface solar radiation flux
at TF (coastal) in summer, and d) Hg" versus jNO, at Al (marine) in summer. Only
daytime data were used.

Mixing ratios of Hg® versus temperature in summers of 2004 — 2010 at TF (coastal).

The lines indicate the 95% confidence interval.

44



Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14.

Mixing ratios of Hg” versus temperature in springs 2007 — 2010 at PM (inland). The
lines indicate the 95% confidence interval.

Daytime mixing ratios of RGM versus temperature at TF (coastal) in (a) springs and
(b) summers 2003 — 2010, at Al (marine) in (c) springs, (d) summers, and () winters
2007 —2010.

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.

Relationships between HgP and temperature at Al (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.
Relationships between Hg® 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 Hg® and temperature (d,e), temperature
and relative humidity (f,g) for the points in the upper boundary in summers 2008 and
2010.

Relationships between RGM and relative humidity at TF (coastal) (a-e¢) and Al
(marine) (f-j) for all seasons (a,f), springs (b,g), summers (c,h), falls (d,i), and
winters (e,]).

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.
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Figure 15.

Figure 16.

Figure 17.

Figure 18.

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.

Diurnal cycles of Hg" 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.

Diurnal cycles of RGM at Al (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.

Diurnal cycles of Hg" at Al (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.
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Figure 1. (a) Wind speed (blue dots) and direction (solid black circles), mixing ratios of
Hg® (dark grey) and CO (light grey) at Al (marine) during 20 October — 30 November

2008, (b) a zoom-in on 13 — 17 November 2008 and (c) the Hg’-wind speed correlation
with 1’=0.18, slope = 3.7 ppqv per 1 m s for the zoom-in period. The time axis is shown in

Universal Time (UTC).

47



Figure 2. Surface analysis from the Hydrometeorological Prediction Center
(http://www.hpc.ncep.noaa.gov/) for 0000 UTC November 16, 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.
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Figure 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.
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Figure 16. Diurnal cycles of Hg" at TF (coastal) averaged over days without rain (a), days
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Figure 18. Diurnal cycles of Hg" 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.
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