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Response to Reviewer #1

We greatly appreciate the reviewer’s constructive comments, which have helped to
improve the paper substantially.

Mao and colleagues present a review of published work on spatiotemporal patterns of
atmospheric mercury. The authors have compiled an impressive volume of literature. | commend
the authors on presenting an unbiased summary of published work. I recommend the review for
publication after revision. Too much of the present manuscript feels like a reiteration of
published work. The review could be greatly improved if it were more concise and provided a
greater amount of critical insight.

R: We have improved the paper substantially through: (1) removing redundancy and
unnecessary details; (2) summarizing common findings from multiple studies and pointing
out differences between studies in each category/scenario, and (3) more importantly,
providing more critical insights in the unresolved questions and recommendations for
future research needs.

General Comments

The Abstract could use a statement motivating why we care about mercury in order to help
appeal to a broader readership. | also suggest tightening the conclusions and including at least
one future research recommendation.

R: The abstract was revised. In addition, per the reviewer’s suggestions, we have added
these statements in the abstract:

“Atmospheric mercury is a global pollutant and thought to be the main source for mercury
in oceanic and remote terrestrial systems, where it becomes methylated and bioavailable,
and hence atmospheric mercury pollution has global consequences for both human and
ecosystem health.”

“In examining the remaining questions and issues, recommendations for future research
needs were provided, and among them again it boiled down to the most imminent need for
GOM speciation measurements and fundamental understanding of multiphase redox
kinetics.”

The Introduction is unfocused and needs clearly stated objectives. Some of the content in the
Introduction gets repeated in later sections. Delete redundancy wherever possible.

R: We have shorten the introduction by deleting most materials in the original 3"%-6"
paragraphs so as to avoid redundancy and keep it focused.

The phrase “natural emissions” is used loosely and sometimes interchangeably with
“reemissions’ or “legacy emissions™. In light of the Minamata Convention, it is important to
maintain clear language here and distinguish between natural primary sources (volcanism,
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outgassing of enriched mercuricferrous belts) and anthropogenic sources being remitted by land
and ocean.

R: It is an important point. Corrections were made throughout the text.

Be concise. Delete unnecessary text. The current manuscript feels unnecessarily long.

R: See our response to the general comments above.

Old data (1960-80s) is included in comparisons alongside modern data -- is this really a valid
comparison? At a minimum, it seems like it would be appropriate to comment on the major
differences in analytical methods and the robustness of old data. | worry about the reliability of
older data (Gustin et al., 2015).

R: Point taken. The inclusion of old data was an attempt for the completeness of the review.
We agree the values were not comparable to those in more recent studies. Hence, the
comparison between the old and more recent data was mostly removed, and few retained
was revised with cautionary notes.

Specific Comments

Line 62: Please include a citation for biodegradation. Biodegradation isn’t a process commonly
associated with atmospheric mercury.

R: This sentence is the continuation of the previous one and is followed by the next,
referring to mercury in the atmosphere and other spheres together in the Earth system.

Lines 101-106: Mao & Talbot (2012) is cited exclusively. Are there other references that could
be included too?

R: The introduction was condensed significantly to avoid redundancy. This reference was
removed in the introduction together with other material.

Lines 536-549: Rivers and wastewater cannot explain North Atlantic trends in Soerensen et al.
(2012) (Amos et al., 2014).

R: Amos et al. (2014) was added to counter the findings from Soerensen et al. (2012).

Line 527: The Pinatubo hypothesis is not widely embraced. | do not recommend including it in
the review.

R: The manuscript has been greatly revised and edited. This part has been removed in the
revised version.
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Line 811: Why would ship emissions be important? My understanding is most ships burning
crude oil, which is low in Hg (Pironne et al., 2010).

R: Sprovieri et al. (2010) were making general statements, not exclusively with regard to
Hg, about ship emissions becoming a more important source of contaminants as emissions
from other sources were being more stringently controlled, and the Mediterranean was a
place where busy shipping routes ran close to population centers. The reference to
Sprovieri was revised to reflect this point and the reviewer’s concern.

Line 1468: “Refuting... large oceanic emissions™. Please include a rationale for this conclusion.
This is not an obvious conclusion from the review. If it’s true, it’s significant, but the conclusion
needs to be buttressed with supporting evidence here in the Summary & Recommendations
section.

R: This point was made by Temme et al. (2003a) based on the average NH/SH ratio of
TGM hemispheric median values and the higher variability in NH TGM concentrations
from their three cruises. Mason at al. (1994) hypothesized that oceanic emissions were a
large source to atmospheric Hg. Temme et al. (2003a) “refuted” this point by saying that
two thirds of oceans are located in the southern hemisphere and if oceanic emissions were
truly a large source, the large NH/SH ratio and large variability of TGM in the NH would
not have been likely. Temme et al. (2003a)’s cruises measurements covered the largest
areas in both hemispheres and were conducted along the same path three times and hence
cited. However, these are both hypotheses, and more studies suggested oceans as a source
in various oceanic regions. “Refute” is the word Temme et al. (2003a) used in their paper.
We changed “refuting” to “contradicting” now.

Lines 1484-85: “Global distributions... remain lacking...”” Delete? This statement is not
particularly helpful.

R: We thought that this point is in fact quite important. For a compound such as ozone,
there have been numerous studies providing global distributions using satellite retrievals,
in situ measurements, and model simulations, so we have a fairly good idea of the global
distribution of ozone. In comparison, we do not really have such knowledge of GEM,
GOM, and PBM global distributions, despite decades of monitoring and modeling studies.
A lot of it remains controversial and speculative due to the lack of measurement data in the
southern hemisphere, in the marine boundary layer, and in upper air, and due to a lack of
the model simulations that we have confidence in.

Line 1492: ““...trends derived from such data suggested composite information instead...”
Perhaps there is a typo in the sentence? I’m unsure what the intended meaning is.

R: We agree that the point did not come out right. The summary section was rewritten,
and the relevant point was reworded.
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Figure 1: Break the y-axes, so you better see the variability in the data and the plots aren’t
dominated by one extra-large error bar.

R: Done.
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Response to Reviewer #2

We greatly appreciate the reviewer’s constructive comments, which have helped to
improve the paper substantially.

General Comments

This critical review presents a survey of a large body of literature regarding the spatiotemporal
variations in speciated atmospheric mercury concentrations in a variety of environmental milieu
(oceans, continents, high elevation, the free troposphere, and low to high latitudes). The authors
are to be commended for pulling together such a body of work in an attempt to describe the
current state-of-the-science as well as present current understanding, knowledge gaps and future
necessary directions in this field. The manuscript is very long and at times repetitive and should
be revised to make it more succinct.

R: We have improved the paper substantially through: (1) removing redundancy and
unnecessary details; (2) summarizing common findings from multiple studies and pointing
out differences between studies in each category/scenario, and (3) more importantly,
providing more critical insights in the unresolved questions and recommendations for
future research needs.

Specific Comments

Suggested revisions: The summary and recommendations section could be shortened
considerably. Consider using bullet points especially for the “outstanding unresolved questions™
section, e.g., this reviewer believes that point 1. Could be condensed into — “Measurements in
the southern hemisphere especially terrestrial locations are needed”” while for point 2. Lines
1519-1520 capture the essence of what you are trying to say. Similarly points 3,4, and 5 can be
simplified with bullets.

R: The summary section was rewritten for the most part. Remaining questions were
discussed and recommendations were condensed into bullet points.

This manuscript discusses work that spans decades. The authors have described published work
along with literature interpretation. They should also provide their own interpretation of this
body of work. Has the work led to greater understanding and if so why? With a view to the future
should we continue using the same approaches? the same measurement-based studies? Are
innovative solutions needed to address the knowledge gaps delineated in the unresolved
questions sections? If so, what are they?

R: Per the reviewer’s suggestions, discussions of such were added in the summary section.

Line 86 should be corrected to read “Statistics from studies prior to 2009 are referred to in
Sprovieri et al. (2010b)”

R: Corrected.
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Line 1029: is there a citation that can be used with this statement?

R: Four references were added, Conaway et al. (2005), Landis et al. (2007), Won et al.
(2007), and Pirrone et al. (2010). The general view from Pirrone et al. (2010)’s review is
that the global contribution from petroleum fuels combustion represented 0.00013% of the
total anthropogenic emissions and thus can be neglected in global assessment.

There is a tremendous amount of important data in the six tables in the supplementary
information. This information could be made more appealing if presented on a plot showing
latitude, longitude and concentrations.

R: As the reviewer suggested, global maps of GEM, GOM, and PBM mean concentrations
at continental sites were plotted, as shown in Figure S1. MBL concentration data usually
cover an extensive area or a long path, which we think is better represented in Figure 1
than could be in a global map.
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A list of relevant changes made in the manuscript:

1.

Each one of the reviewers’ comments and suggestions was addressed and corresponding
changes were made throughout the entire manuscript. Detailed changes please refer to the
Response to Reviewers’ Comments.

. The manuscript has been edited and revised greatly based on the two reviewers’ suggestions

and comments. It was shortened by 13 pages to remove redundancy and unnecessary details
and make the key points and discussions more focused, as both reviewers suggested.

. The title was changed to “Current Understanding of the Driving Mechanisms for

Spatiotemporal Variations of Atmospheric Speciated Mercury: A Review”, as our goals in this
review were to be: 1) comprehensive and 2) objective. Our interpretation of the current status
of mercury research, discussions of remaining questions, and recommendations for future
direction were built on the literature as a whole.

. The abstract was revised to include motivation of mercury research to appeal to a broader

audience, tighten the conclusions, and include one most urgent future research
recommendation.

. The summary section was largely rewritten with a list of key findings, remaining questions,

and recommendations for future mercury research.

. Figures 1&2 were revised to enhance the presentation.

. Global maps of GEM, GOM, and PBM for continental sites were provided as Figure S1 to

present the important data in Tables S4 — S6, as Reviewer #2 suggested.
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Abstract

Atmospheric mercury is a global pollutant and thought to be the main source for mercury

in oceanic and remote terrestrial systems, where it becomes methylated and bioavailable, and

hence atmospheric mercury pollution has global consequences for both human and ecosystem

health. Understanding of spatial and temporal variations of atmospheric speciated mercury can
advance our knowledge of mercury cycling in various environments. This review summarized
spatiotemporal variations of total gaseous mercury or gaseous elemental mercury (TGM/GEM),
gaseous oxidized mercury (GOM), and particulate-bound mercury (PBM) in various
environments including oceans, continents, high elevation, the free troposphere, and low to high
latitudes. In the marine boundary layer (MBL), the oxidation of GEM was generally thought to
drive the diurnal and seasonal variations of TGM/GEM and GOM in most oceanic regions,
leading to lower GEM and higher GOM from noon to afternoon and higher GEM during winter

and higher GOM during spring-summer. At continental sites, the driving mechanisms of
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1. Introduction

Atmospheric mercury (Hg) is a pervasive toxic with comparable natural and
anthropogenic sources (UNEP, 2013). It is operationally defined in three forms, gaseous
elemental mercury (GEM), gaseous oxidized mercury (GOM), and particulate-bound mercury
(PBM). In most environments GEM comprises >95% of total gaseous mercury (TGM =
GEM+GOM) with lifetime of 0.5 — 1 year (Driscoll et al., 2013). Besides emissions, GOM and
PBM are largely formed from oxidation of GEM, with lifetimes of hours to weeks (Cole et al.,
2014). They are highly soluble, and their wet and dry deposition is a major input of Hg to
ecosystems and oceans followed by bioaccumulation, where Hg can enter human bodies through
the food chain. To ultimately regulate anthropogenic emissions of Hg in order to control the
ambient atmospheric concentration of Hg, it is imperative to understand Hg cycling between the
atmosphere, ecosystems, and oceans.

The pathways of Hg cycling include chemical transformation and transport via air and

10
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water in various systems as illustrated in Subir et al. (2011). Mercury can be chemically

transformed from one species to another through oxidation/reduction reactions, complex
formation, phase transitions, biodegradation, and surface and heterogeneous interactions with
aerosols, clouds, snow, and ice. Mercury can also be redistributed between geographic locations
and spheres through physical processes such as wind, water runoff, dry and wet deposition, and
volatilization. In addition, natural and anthropogenic sources of Hg are distributed vastly uneven
as a result of anthropogenic activities and land surface types. The eventual effect of all these
processes, some of which are in fact sinks, and sources is manifested in the great heterogeneity
of temporal and spatial variations of atmospheric Hg concentrations observed in numerous

studies (Sprovieri et al, 2010b, references therein; references in Tables S1 — S7 in the

supplementary information (SI)). Characterization and intercomparison of such variations for
different geographic and chemical environments can provide a gateway to our understanding of
Hg cycling.

Numerous measurement studies in the literature have shown distinctly different

spatiotemporal variations of GEM, GOM, and PBM in the following environments:

Marine boundary layer (MBL)

Land: urban, rural, and remote

High elevation, high altitude

« Low, mid-, and high latitudes

owing to their respective atmospheric chemical composition, sources, and meteorological

conditions,_Such differences were attributed to natural and anthropogenic sources of not only Hg
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be associated with GEM oxidation by bromine-
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environments, however, GEM depletion events have
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but also other reactive chemical compounds that are involved in Hg cycling, meteorological

conditions, and chemistry, all of which were highly dependent on geographic locations and
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Over land, spatiotemporal variations of GEM, GOM,

and PBM exhibited different characteristics from
over the ocean. Also, they appeared to differ greatly
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surrounding land surface types. Therefore, it is highly complex to delineate the effects of
controlling factors determining observed spatiotemporal variations of Hg concentrations.
Sprovieri et al. (2010b) reviewed the state of global mercury measurements focusing on
instrumentation and techniques, and ranges of concentration levels in studies from different
continents and oceanic regions up to 2009. Atmospheric Hg research has since continued to

flourish, and in particular longer datasets accumulated in several regions have become available

for temporal variability characterization so as to understand the driving mechanisms for such

variabilities. Also of importance is the efficacy of emission reductions that have been
implemented in North America and Europe for nearly two decades and over shorter periods in
East Asia. This paper is, different from Sprovieri et al. (2010b), aimed to provide a global
picture of spatiotemporal variations of speciated Hg using measurement-based studies in the
literature over ocean, over land, by altitude, and by latitude, and further glean insight on
important factors that could potentially contribute to the observed variations.

It should be noted that units were converted for a standard atmosphere for comparison.

One more cautionary note is that Hg data in earlier studies had coarser temporal resolution than
in more recent studies, and hence the comparisons should be viewed with this caveat in mind.
Though the earlier studies tended to have orders of magnitude larger concentrations, suggesting
at higher temporal resolution those concentrations would have been even larger.

2. Marine Boundary Layer

Measured TGM/GEM, GOM, and PBM concentrations in the MBL globally were
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summarized in Tables S1 — S3 of the supplementary information (SI). Spatiotemporal variations

in speciated Hg and the potential causes for these variations were summarized with respect to

their ambient concentration levels, continental (including anthropogenic) influence, hemispheric

12

| Deleted: The MBL studies providing these
i measurement data were discussed by ocean/sea. For
each ocean/sea, spatiotemporals




488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

gradient, diurnal to annual cycles, and long term trends, accompanied by discussions on potential
causal mechanisms.

2.1 TGM/GEM

TGM and GEM in the MBL atmosphere have been measured since the late 1960s. Near
the surface in most environments, except polar springtime and Dead Sea mercury depletion
events (MDEs) when strong GEM oxidation occurs, the difference between TGM and GEM was
small to negligible (e.g., Temme et al., 2003a; Mao and Talbot, 2012). Concentrations were
generally higher in near-coastal regions due largely to anthropogenic influence, which under
certain meteorological conditions could extend to even open oceans. Natural emissions
including biomass burning, volcanic, and oceanic emissions were suggested to be of influence in
some studies. It was also found that meteorological conditions could play important roles in
determining ambient concentrations of TGM/GEM via transport, PBL dynamics, and solar

radiation, especially in regions nearing emission sources such as the Mediterranean_ and in
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springtime Polar Regions. Long term trends have varied over different time periods, speculated

to be associated with changing anthropogenic emissions, Jegacy emissions, and photooxidation.
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2.1.1 Concentration Metrics

The mean concentrations of TGM/GEM observed over varying time periods reported

from the studies_in the literature ranged from 1.05 ng m™ over the Antarctic Ocean to 2.34 ng m?

over the West Pacific seas, as shown in Table S1 (references therein). The concentration

averaged for each oceanic region calculated using the values reported from all the studies was
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single event influenced by forest fires in Quebec, Canada at a long term site in the MBL 20 km

from the coast of southern New Hampshire, USA (Mao and Talbot, 2012). With that single

event removed, the TGM/GEM concentrations were much more variable in the MBL of the _{ Deleted: Infact, ]

Mediterranean Sea and its nearby seas (Table S1; references therein). _{ Formatted: Font: Italic ]
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2.1.3 Temporal Variations from Diurnal Cycle to Long-term Trend
2.1.3.1 Diurnal variation

Early studies on TGM over the Atlantic Ocean showed one order of magnitude larger

diurnal amplitude than that in more recent studies, with daily peaks of 5 ng m™ at noon and

amplitude of 2-3 ng m'3,across the North and South Atlantic in Seiler et al. (1980). Yet none was

observed by Slemr et al. (1981, 1985) and Slemr and Langer (1992). Measurements of TGM at

Cape Point, South Africa (Brunke et al., 2010) and GEM at Appledore Island, Maine, USA (Mao \f

and Talbot, 2012) exhibited pronounced diurnal variation in summer with daily peaks

(minimums) before sunrise (in the late afternoon) and amplitudes of 0.8 ng m™ and ~10 ppqv
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suggested very small near none diurnal variation. Similarly, no diurnal variation was found over
the Antarctica (Pfaffhuber et al., 2012), except one case with influence of in situ human activity.
2.1.3.2 Seasonal to Annual Variation

Annual cycles of TGM/GEM were reported over the Atlantic in poth hemispheres.
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2.1.3.3 Long-term Trends
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contribution was corroborated in Bagnato et al.
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emissions was underscored in an overview of studies
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field campaigns from 2000 to 2007 (Kotnik et al.,
2014). The sunny, warm and dry climate with lower
amounts of precipitation in the region was conducive
to photoreduction of oxidized Hg in water column
leading to strong oceanic evasion contributing to
higher TGM concentrations in the Mediterranean
Sea Basin (Pirrone et al., 2003; Sprovieri et al., 2003;
Sprovieri and Pirrone, 2008).1
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In the Dead Sea MBL, frequent occurrences of MDEs in the summer were linked to

higher BrO concentrations_indicative of Br-initiated oxidation of GEM despite high temperature
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3.1 TGM/GEM

3.1.1 Concentration Metrics

Field measurements of TGM/GEM at continental sites were conducted mainly in Asia,
Canada, Europe, and USA. Very few TGM/GEM measurements have been made at inland sites

in the SH. Of all the four regions, the median concentrations of TGM or GEM were 1.6 ng m*
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Engle et al., 2010). The 5-min maximum TGM/GEM among the four regions was the lowest in
Europe (23 ng m™, Witt et al., 2010). It is important to note that most urban sites in the literature

are located in North America and Europe, and hence the higher TGM/GEM at continental urban

sites as shown in Fig. 2b were predominantly driven by measurements at those sites (instead of ~{ Deleted: Figure
7 "{Formatted: Font: Bold
Asian sites). A summary of the mean and the range of TGM/GEM as well as the distribution of - Deleted: at individual continental stes
mean TGM/GEM at individual continental sites can be found in Fig. S1 and Table S4. Statistics { Formatted: Font: Bold
w Deleted: X
from studies prior to 2009 are referred to_in Sprovieri et al. (2010b). Deleted: S1

o J LU )

3.1.2 Temporal Variations from Diurnal Cycle to Long-term Trends
3.1.2.1 Diurnal Variation
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coastal-urban location, nighttime GEM was only slightly higher than daytime because of the
cleaner air transported from the marine environment (Nguyen et al., 2011). These studies
suggested that MBL influence could lead to very different diurnal patterns. Sites continuously
impacted by Hg point sources likely contributed to the large short-term fluctuations in the diurnal
patterns at some urban sites (Rutter et al., 2008; Engle et al., 2010; Witt et al., 2010).

3.1.3.2 Seasonal Variation of TGM/GEM

The seasonal variation exhibiting a winter to spring maximum in remote, rural, urban and
high elevation environments (Table 1) was suggested to be driven by multiple mechanisms,
including anthropogenic emissions for winter heating (coal and wood combustion), reduced
atmospheric mixing, decreased GEM oxidation, less scavenging, and emissions from soil,
vegetation, and melting snow in the spring (Stamenkovic et al., 2007; Choi et al., 2008; Mao et
al., 2008; Sigler et al., 2009a; Peterson et al., 2009; Wan et al., 2009a; Cheng et al., 2012; Mao
and Talbot, 2012; Civerolo et al., 2014; Cole et al., 2014; Xu et al., 2015). The lower
TGM/GEM during summer has been attributed to increased GEM oxidation, uptake by
vegetation, and higher wet deposition of GOM (Yatavelli et al., 2006; Fu et al., 2008, 2009;
Engle et al., 2010; Xu et al., 2015). While these were the predominant driving mechanisms of

the seasonal variations in the NH, the seasonal patterns could also be influenced by changes in
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temperature inversion and haze in the spring, which in turn inhibits pollutant dispersion.

Summer and spring maxima in TGM/GEM have also been found at remote, rural, and,

urban atmospheres. This pattern was predominantly driven by meteorology. Higher solar

radiation and temperature during summer increased GEM emissions from Hg contaminated soil
(Zhu et al., 2012; Eckley et al., 2013), from vegetation at a forested agricultural site (Nguyen et
al., 2011), and from urban surfaces such as soil and pavement in Windsor, Canada (Xu and
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3.1.3.3 Long-term Trends of TGM/GEM

Long-term trends of TGM/GEM over continental regions indicated a declining trend at
some sites and no significant trend at others, particularly at urban sites. Previous studies partly
attributed the long-term TGM trends to anthropogenic Hg emissions reductions. There has been
a 60-70% decrease in anthropogenic Hg emissions from USA and Canada; however only up to
15% of those emissions reductions impacted TGM at Canadian sites (Cole et al., 2014). The
more rapid decline in TGM measured at Mace Head, Ireland for local and European air masses
compared to marine air masses was thought to be driven by Hg emissions reductions in Europe
(Weigelt et al., 2015). The baseline TGM at Mace Head decreased at a larger rate in November
than other months suggesting that it is related to lower Hg emissions from residential heating in
Europe. The 21% decline in TGM from 2006-2012 in urban/industrial areas of the UK was also
consistent with the 0.21 Mg yr™* (24%) reduction in Hg emissions from the UK, even though the
TGM trend from the 2003-2013 period was not statistically significant (Brown et al., 2015). In
Seoul, Korea, no significant trend in TGM was found from 2004-2011, consistent with the slight
decrease (1%) in coal consumption in Seoul over the same time frame (Kim et al., 2013). While

TGM/GEM trends appear to be aligned with local/regional Hg emission trends, a discrepancy
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2248  exists when the trend was compared to the increasing global anthropogenic Hg emissions
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urban sites, the maximum GOM typically occurred in warmer seasons, e.g. spring or summer
(Song et al., 2009; Liu et al., 2010; Choi et al., 2013; Wang et al., 2013; Gratz et al., 2013;
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total particulate Hg (TPM) during colder seasons than summer was a highly ubiquitous trend for
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during daytime at a rural site was attributed to local transport from urban areas as indicated by
similarities in diurnal patterns between GOM, SO,, and O3 and a delay in the timing of the GOM
maximum likely resulting from emissions transport (Rothenberg et al., 2010). Short-term
fluctuations in the diurnal pattern of GOM also suggested the influence of point sources (Rutter
et al., 2008; Engle et al., 2010). Dry deposition and scavenging of GOM by dew played a role in
decreasing GOM during nighttime (Liu et al., 2007; Wan et al., 2009b; Weiss-Penzias et al.,
2009; Nair et al., 2012; Choi et al., 2013; Civerolo et al., 2014). The stronger diurnal amplitude
during the spring/summer coincided with stronger correlations between GOM, solar radiation,
temperature and O3 (Yatavelli et al., 2006; Mao et al., 2012; Gratz et al., 2013; Zhang et al.,
2013), which suggested that increased photochemical processes led to higher GOM. Large
diurnal variation during summer was also potentially driven by high pressure, drier and cloud-
free conditions that are conducive to the buildup of GOM in the free troposphere (Lyman and
Gustin, 2009).

Nighttime increases in GOM seen exclusively at urban and elevated sites (Table 1)
appeared to be driven by anthropogenic emissions and the free troposphere. Nocturnal emissions
and local/regional transport within the boundary layer (Lynam and Keeler, 2005; Song et al.,
2009) and reduced vertical mixing in the stable nocturnal boundary layer led to higher GOM at
night in urban areas (Gratz et al., 2013). At high elevation sites, katabatic winds entrained GOM
from the free troposphere. In one study, GOM from the free troposphere was believed to
originate from in-situ photochemical processes due to a strong inverse GEM-GOM correlation
and a GOM/GEM slope near unity during an elevated GOM episode (Swartzendruber et al.,
2006). While an anti-correlation between GEM and GOM was also found at another elevated

site, Sheu et al. (2010) did not observe a complete photochemical conversion of GEM to GOM.
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2432  Pacific Ocean resulted in 100% GEM conversion to GOM likely because of GEM oxidation by
2433 bromine.

2434 The driving mechanisms behind the diurnal pattern of PBM were better explored for
2435  urban sites than other site categories. Frequent spikes in hourly concentrations during daytime
2436  were attributed to point sources (Rutter et al., 2008; Civerolo et al., 2014). At a valley urban site,
2437  higher PBM and GEM during daytime suggested similar emission sources from Hg enriched
2438  areas (Lyman and Gustin, 2009). Higher PBM during daytime in the summer could also be
2439 initiated by photochemical production of GOM followed by absorption on secondary organic
2440  aerosols (Choi et al., 2013). Diurnal patterns exhibiting nighttime increases in PBM in urban
2441  areas could be due to multiple mechanisms and sources, such as nocturnal emissions and

2442  local/regional transport within the boundary layer (Song et al., 2009), reduced vertical mixing in
2443  the stable nocturnal boundary layer (Gratz et al., 2013; Xu et al., 2015), vehicular emissions in
2444 China (Xu et al., 2015), and nighttime street food vending in Beijing (Schleicher et al. 2015).

2445 3.2.3.2 Seasonal Variations of GOM and PBM

2446 The seasonal variation characterized by higher GOM in the warm seasons (Table 1) was ~—{ Deleted: is
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2449  2015). Alternative reasons could be attributed to anthropogenic emissions leading to higher
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depletion events occurring at higher latitude continental sites led to higher GOM during spring
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(Cole et al., 2014). Free troposphere transport was a major driving mechanism for higher

reactive Hg at three high elevation western U.S. sites (Weiss-Penzias et al., 2015). At elevated

sites in China, the occurrence of higher GOM between fall and spring were attributed to coal and
biofuel burning (Wan et al., 2009b) and changes in the prevailing winds that advected GOM
from polluted regions (Fu et al., 2012a; Zhang et al., 2015). Lower GOM during summer was
due to wet deposition (Wan et al., 2009b; Sheu et al., 2010).

Several mechanisms contributed to the increase in PBM or TPM during colder seasons
(Table 1) including, local/regional coal combustion and wood burning emissions, lower mixing
height, less oxidation, and increased gas-particle partitioning (Song et al., 2009; Xiu et al., 2009;
Liu et al., 2010; Cheng et al., 2012; Fu et al., 2012a; Kim et al., 2012; Choi et al., 2013; Gratz et
al., 2013; Wang et al., 2013; Civerolo et al., 2014; Cole et al., 2014; Schleicher et al., 2015; Xu
etal., 2015). Oxidized Hg tended to partition to particles during colder seasons because of lower
temperatures (Rutter et al., 2007), higher relative humidity (Kim et al., 2012), and reduced
volatilization of gaseous Hg (Choi et al., 2013). Similar to GOM, decreases in PBM during
summer at many sites in China were due to wet deposition (Wan et al., 2009b; Schleicher et al.,
2015; Xu et al., 2015; Zhang et al., 2015) and a shift to cleaner marine airflows during summer
(Kimet al., 2012). Higher PBM during warm seasons may be driven by forest fire emissions
(Eckley et al., 2013) and increased PM; s available for GOM absorption at urban sites (Song et
al., 2009; Schleicher et al., 2015).
4. Latitudinal Variation

There are a few shipboard and airborne studies that surveyed latitudinal variation of

TGM/GEM (Slemr et al., 1981, 1985, 1995; Slemr and Langer, 1992; Fitzgerald et al., 1984;

53

{ Formatted: Font: Italic

)

" Deleted: In one study, increases in GOM during

fall and winter coincided with increases in traffic at a
university campus when classes were in session
(Jiang et al., 2013).




2480

2481

2482

2483

2484

2485

2486

2487

2488

2489

2490

2491

2492

2493

2494

2495

2496

2497

2498

2499

2500

2501

2502

Lamborg et al., 1999; Temme et al., 2003a; Aspmo et al., 2006; Soerensen et al., 2010). Bagnato -

\

et al. (2013) compiled a latitudinal distribution of TGM/GEM using measurement data from a \\

number of shipboard measurement studies spanning the time period of 1980 — 2012 (Fig. 3) and \

Deleted: ). Overall, the composite latitudinal
distribution from studies of the past three decades
showed that TGM/GEM concentrations over the
ocean surface decreased from NH to SH (Figs. 3 &
4), with the highest concentrations (~3.5 ng m?) in
northern hemispheric midlatitudes and the lowest in
southern hemispheric latitudes (~0.9 ng m).

showed a small but discernible inter-hemispheric gradient, with the highest concentrations (~3.5

ng m) in NH midlatitudes and the lowest in SH latitudes (~0.9 ng m™), resulting from greater \

emissions of Hg jn the more industrialized NH. | \

Tropospheric airborne measurements from INTEX-B (Talbot et al., 2007, 2008) and

Deleted: Slemr et al. (1981, 1985) found that the
concentrations remained relatively constant (1.4 —
1.6 ng m?) in NH, dropped rapidly once the ship
passed the ITCZ at about 12°N — 13°N latitude, with
natural variability of 16%, and varied over 1.0 - 1.2
ng m? in the South Atlantic. In addition, Temme et
al. (2003a) found higher variability of TGM in NH
(21% vs. 8% in the southern hemisphere) suggesting
the majority of Hg emissions were located in NH,
refuting the hypothesis of large oceanic sources of
Hg by previous work (e.g., Mason et al., 1994). {

{

Deleted: in GEM ]

ARCTAS (Mao et al., 2010), spanning near the surface to 12 km altitude, suggested distinct

Deleted: to the atmosphere ]

seasonal variation in GEM concentrations and latitudinal gradient. On average there was an \

increase of ~50 ppqv (~0.5 ng m™) from lower latitudes (~20 — 30 °N) to higher (60 — 90°N) \

Deleted: However, caution should be taken that
global anthropogenic emissions had decreased
significantly over that time period, and the trend in
natural emissions (reemissions) was unknown (Slemr
etal., 2010).

Deleted: on average

latitudes in spring,while negligible latitudinal variation in summer (Fig. 4). Jt was speculated

Deleted: o

Deleted: increases in GEM concentrations

\

that smaller latitudinal gradient of temperature in summer likely enhanced meridional circulation

Deleted: ,

Formatted: Font: Bold

resulting in smaller latitudinal variation in GEM concentration in the troposphere.

\
\

Deleted: 2

A small gradient was measured in atmospheric GEM concentrations over the Pacific T

Deleted: There seemed to be distinct seasonal
variation in concentrations and latitudinal gradient.

Formatted: Font: Italic

from 1.32 ng m™ in 14 — 20°N latitudes to 1.15 ng m™ in 1-15°S latitudes in October 2011

L A U U U U L

Formatted: No widow/orphan control

(Soerensen et al., 2014). Atmospheric GEM elevated in the northern part of the ITCZ was
temporarily influenced by the northeastern trade wind that enhanced oceanic evasion, consistent
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5. Altitude Variation
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This review summarized the general characteristics in GEM, GOM, and PBM
concentrations in the MBL, over land, from low to high latitudes, and from the surface to the
upper troposphere, and further the factors driving such variabilities based on a great wealth of

research in the literature. The Key points are summarized below.
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thought to be caused by less (more) loss via oxidation in colder (warmer) months.

Long term trends have been identified at locations in Mace Head, Ireland, A

Deleted:

in three environments,

midlatitudinal Canada, and Cape Point, South Africa, and varied over different A

Deleted:

ian midlatitude sites

time periods, which was speculated to be associated with changing anthropogenic

—

and legacy_emissions, and redox chemistry.

Deleted:

and natural

Deleted:

as well as

For MBL GOM, diurnal variation was generally characterized with noon to

Deleted:

possibly

o

afternoon peaks and nighttime low values and seasonal variation with higher

Deleted

:, most likely driven by daytime

GEM photooxidation involving reactive

halogens.

SeasonalS

concentrations in spring and summer and lower in fall and winter, largely

Deleted

: was often observed

attributed to GEM photooxidation as often supported by correlation of GOM with
solar radiation and BrO. In one study springtime maximums were also linked to
biological activity and in a few studies annual minimums were associated with
scavenging by precipitation. No long term trends have been reported for oceanic
regions.

For MBL PBM, no consistent diurnal and seasonal variation has been identified in
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For continental TGM/GEM, higher concentrations were found at urban sites than
remote, rural, and elevated sites. This result is unbiased by elevated TGM/GEM
from Asian sites. The predominant diurnal pattern was an early morning
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patterns at surface sites were thought to be driven by surface and local emissions,
boundary layer dynamics, Hg photochemistry, dry deposition, and sequestering by
dew. At elevated sites, mountain-valley winds appeared to be important drivers

of the diurnal cycle. Seasonal variations were influenced by fossil fuel emissions
for winter heating, surface emissions, and monsoons in Asia. At background sites,

long-term declines in TGM were partially attributed to anthropogenic Hg

emission reductions,

For continental GOM, concentrations were higher at elevated sites. However, this
result may be biased by a large proportion of high elevation studies from China
where speciated atmospheric mercury are typically elevated. The predominant
diurnal pattern was a noon to mid-afternoon maximum and nighttime minimum,
except for nighttime increases at urban and elevated sites. The driving
mechanisms of the diurnal variations were suggested to include in situ
photochemical production, dry deposition, and scavenging by dew. Entrainment
of GOM from the free troposphere was believed to contribute to nighttime
increases at some elevated sites. No predominant seasonal pattern in GOM was
found, except for higher concentrations in the spring/summer at urban sites.
Photochemical production driven by strong solar radiation and atmospheric
oxidants, free tropospheric transport, anthropogenic emissions, and increased wet

deposition during summer appeared to affect GOM seasonal variation.

For continental PBM or TPM, no predominant diurnal pattern was found.

Increases in PBM or TPM were prevalent during colder seasons and were driven

by local/regional coal combustion and wood burning emissions, lower mixing

59

Deleted:

are

Deleted:

lower

Deleted:

emissions

Deleted:

S

o

Deleted:

be factors

Deleted:

ing

Deleted:

the

Deleted:

pattern

Deleted:

Increase

Deleted:

was

Deleted:

are

o A L




2791

2792

2793

2794

2795

2796

2797

2798

2799

2800

2801

2802

2803

2804

2805

2806

2807

2808

2809

2810

2811

2812

2813

8. GEM concentrations remained nearly constant, slightly decreasing with altitude A

QOver two decades of extensive measurements have advanced our knowledge of the

height, reduced oxidation, and increased gas-particle partitioning.

. TGM/GEM over the ocean surface decreased from the NH to the SH with the

highest concentrations (~3.5 ng m™®) in NH midlatitudes and the lowest in SH,

\
A

Deleted: northern hemispheric

]
L

Deleted: southern hemispheric

(~0.9ng m's), This interhemispheric gradient was believed to suggest the

Deleted: latitudes

(NN N

majority of Hg emissions in NH, contradicting the hypothesis of large oceanic

Deleted: , as shown in the composite
latitudinal distribution derive from studies of
the past three decades

|

sources of Hg by previous work. However, in other studies the largest oceanic

Deleted: refuting

source was found in the equatorial region. Airborne measurements of TGM /{

Deleted: measurement

suggested distinct seasonal variation in Jatitudinal distributions, a~50 ppqv (=0.5

Deleted: concentrations and

Deleted: gradient

ng m™) increase,in GEM concentrations from ~20°N — 30 °N to 60°N — 90°N |

Deleted: s

) N

latitudes in spring and negligible latitudinal variation in summer. It was
speculated that smaller latitudinal gradient of temperature in summer likely
enhanced meridional circulation resulting in smaller latitudinal variation in GEM

concentration in the troposphere.

Deleted: Nearly constant, slightly decreasing

over the several airborne field campaign regions, and depleted GEM was found in /ﬂ

Deleted: were shown in airborne
measurements in some regions,

stratospherically influenced air masses, Abundant GOM has been suggested, but

Deleted: under stratospheric influence

only very few studies have conducted measurements of free tropospheric GOM A

Deleted: a handful of

Deleted: GOM in the

N
showing concentrations of hundreds of pg m™, particularly in the area of Pacific \[

Deleted: troposphere

)
)
)
)
)
)

High.

//[ Deleted: There remain several

spatiotemporal variation of TGM/GEM, GOM, and PBM in numerous continental and oceanic

environments. However, measurement data, especially those of PBM, remain scarce in the SH,

//[ Deleted: Southern Hemisphere

MBL, and upper air. _In oceanic regions most observations, obtained via shipboard

60



2834

2835

2836

2837

2838

2839

2840

2841

2842

2843

2844

2845

2846

2847

2848

2849

2850

2851

2852

2853

2854

2855

2856

measurements of TGM/GEM with a few exceptions as ground-based on islands, suggested

composite instead of instantaneous variation. Moreover, there are hardly size-fractionated PBM

measurements. The current Tekran speciation unit could only measure PBM <2.5 um, and

Tekran PBM measurement data from a limited number of MBL and continental monitoring

locations exhibited no definitive diurnal patterns in PBM concentrations. However, impactor

measurements of total PBM in the MBL showed clearly-defined diurnal variation with daily

maximums at around noon and minimums before sunrise. These existing problems impede our

gaining full knowledge of global distributions and temporal variations of speciated Hg.

GEM oxidation is one of the main driving mechanisms of diurnal and seasonal variations

of TGM/GEM and GOM. However, the oxidants that are involved in the photochemical

reactions driving the diurnal and seasonal variations of GOM remain largely unknown/uncertain,

due to the lack of speciated GOM and upper air measurements. This is largely a result of
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reaction of GEM + OH alone, and Sillman et al. (2007) reproduced observed GOM
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However, the reactions of GEM+ O3 and GEM + OH have been subject to debate between

theoretical and experimental studies, as no mechanism consistent with thermochemistry has been

proposed (Pal and Ariya, 2004; Calvert and Lindberg, 2005; Subir et al., 2011; Ariya et al.,

2015). It was speculated that GEM oxidation in the MBL and the upper troposphere was

possibly largely Br-initiated (Holmes et al., 2009; Gratz et al., 2015; Shah et al., 2016). This

indicated that even if a model reproduced observed concentrations of GOM, the chemistry in the

model was not necessarily correct. So far, most chemical transport models have rarely focused
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Table 1: Summary of predominant temporal patterns of speciated atmospheric mercury at
continental sites in the northern hemisphere

Diurnal variation

Seasonal variation

TGM/GEM
Rural

Urban
High elevation

GOM
Rural
Urban
High elevation

PBM
Rural
Urban

High elevation

Daytime maximum, nighttime minimum

Nighttime maximum, daytime minimum
Daytime maximum, nighttime minimum

Midday to late afternoon maximum,
nighttime minimum

*Exception: nighttime maximum at urban
and elevated sites

No predominant pattern
No predominant pattern

No predominant pattern

Winter-spring maximum and summer-fall
minimum

No predominant pattern

Winter-spring maximum and summer-fall
minimum

No predominant pattern
Spring or summer maximum
No predominant pattern

Maximum during heating season
Maximum during heating season
*Exception: summer maximum

Maximum during heating season
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Figure 3. Compiled values for several marine/oceanic environmental
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Figure 4. GEM (ppqv) from the INTEX-B in spring 2006 and ARCTAS
in spring and summer 2008 (Data sources: Talbot et al., 2007, 2008; Mao

et al., 2010).
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