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Abstract. This study examines dynamical and microphysical with the nature of sensitivity differing depending upon the
features of convective clouds that affect mercury (Hg) wetPW. Since CAPE and PW cannot be perturbed indepen-
scavenging and concentrations in rainfall. Using idealizeddently, we test their combined influence using an ensemble
numerical model simulations in the Regional Atmospheric of thunderstorm simulations initialized with environmental
Modeling System (RAMS), we diagnose vertical transport conditions for the Northeast and Southeast US. These sim-
and scavenging of soluble Hg species — gaseous oxidizedlations, which begin with identical Hg(ll) concentrations,
mercury (GOM) and particle-bound mercury (HgP), collec- predict higher mercury concentrations in rainfall from thun-
tively Hg(ll) — in thunderstorms under typical environmen- derstorms forming in the environmental conditions over the
tal conditions found in the Northeast and Southeast UnitedSoutheast US compared to the Northeast US. A final simula-
States (US). Mercury scavenging efficiencies from varioustion of a stratiform rain event produces lower mercury con-
initial altitudes are diagnosed for a case study of a typicalcentrations than in thunderstorms forming in environments
strong convective storm in the Southeast US. Assuming thatypical of the Southeast US. The stratiform cloud scavenges
soluble mercury concentrations are initially vertically uni- mercury from the lowest-4km of the atmosphere, while
form, the model results suggest that 60% of mercury de-thunderstorms scavenge up+td.0 km.

posited to the surface in rainwater originates from above the

boundary layer (>2km). The free troposphere could supply

a larger fraction of mercury wet deposition if GOM and HgP

concentrations increase with altitude. We use radiosonde obl  Introduction

servations in the Northeast and Southeast to characterize

three important environmental characteristics that influencd-akes, rivers and coastal waters throughout the United States
thunderstorm morphology: convective available potential en-contain mercury at levels that harm wildlife and people who
ergy (CAPE), vertical shear (0-6km) of horizontal wind consume fish from these waters (Liu et al., 2008; Karouna-
(SHEAR) and precipitable water (PW). The Southeast usRenier et al., 2008; EPA, 2011). Monitoring has estab-
generally has lower SHEAR and higher CAPE and PW. welished that atmospheric transport and deposition is a ma-
then use RAMS to test how PW and SHEAR impact mer-Jor source of mercury to many of these watersheds (Lind-
cury scavenging and deposition, while keeping the initial Perg et al., 2007; Northeast Regional Mercury Total Maxi-
Hg(Il) concentrations fixed in all experiments. We found that mMum Daily Load, 2007). In the Eastern United States, wet

the mercury concentration in rainfall is sensitive to SHEAR deposition is largest over the Gulf Coast region (Fig. 1),
particularly during the summer months, coinciding with the
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Fig. 1. Total mercury wet deposition for the year 2009. Note the regional maximum along the Gulf Coast. This is a consistent feature that is
also present during other years (from National Atmospheric Deposition Program/Mercury Deposition Network, 2010).
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peak of convective storm activity. Indeed, rainwater samplesever, depends on the dynamics of thunderstorms and the me-
from thunderstorms contain higher mercury concentrationgeorological environment. Some regional and global models
than rain from non-convective or weakly convective stormspredict enhanced wet deposition in the Southeast US, but
(Holmes et al., 2010b; Holmes, 2013). Unlike other water- generally underestimate its observed magnitude and perform
soluble anthropogenic pollutants, including sulfate and ni-more poorly in this region than other parts of the US, per-
trate, the region of high mercury wet deposition does nothaps because they rely on subgrid parameterizations for rain
overlap the peak emission region, which is much fartherand convection (Bullock et al., 2009; Selin and Jacob, 2008;
north (EPA, 2013). Zhang et al., 2012).

The causes of enhanced mercury concentrations in South- Past observational and cloud-resolving model studies of
east US thunderstorm rain remain unclear. The enhancemether trace gases and aerosols have found that their trans-
might be due to the large volumes of boundary layer air thatport and scavenging during convection depends strongly on
are sucked into the convective updraft, where scavenging catheir solubility. Highly soluble gases, like HNGand GOM,
occur (Dvonch et al., 1998, 2005; White et al., 2009). Alter- are efficiently scavenged into cloud droplets and rain (Mari
natively, deep convective thunderstorms may scavenge fronet al., 2000; Barth et al., 2001; Yin et al., 2001), while low-

a high-altitude reservoir of soluble mercury that is inaccessi-solubility gases, such as CO ang,©an be transported from
ble to weak or non-convective storms (Guentzel et al., 2001the boundary layer to the upper troposphere in convective
Selin and Jacob, 2008; Landing et al., 2010). Soluble merupdrafts (Dickerson et al., 1987; Cotton et al., 1995; Halland
cury species (Hg(ll)) consist of gaseous oxidized mercuryet al., 2009). In the frozen upper portions of deep convec-
(GOM) and particle-bound mercury (HgP), both of which tive clouds, the scavenging and removal of soluble gas also
can be scavenged by cloud water and precipitation. Thesdepends on whether dissolved gas stays in solution when lig-
species are emitted directly from coal-fired power plants anduid drops freeze onto hail or graupel, as HN@es (Barth
some other industrial sources and can also be produced bgt al., 2001, 2007; Yin et al., 2001). GOM observations in
oxidation of elemental mercury (Hg(0)), the dominant form high-altitude clouds are not available, but surface observa-
of atmospheric mercury. The Eastern US has a large numbeions of GOM during riming and snowfall conditions suggest
of surface-based mercury emissions sources, whereas aircraftat dissolved GOM is also retained during freezing, but not
have documented an increase of oxidized mercury concenscavenged from gas by ice (Douglas et al., 2008; Johnson
tration with altitude (Sillman et al., 2007; Talbot et al., 2008; et al., 2008; Sigler et al., 2009). Particle-bound mercury is
Slemr et al., 2009; Lyman and Jaffe, 2012). Both factors mayfound on polluted urban, sulfate and sea salt aerosols (Mur-
plausibly influence mercury concentrations in thunderstormphy et al., 2006; Feddersen et al., 2012) and thus behaves
rainfall. The interplay and importance of these factors, how-similarly to other hydrophilic aerosols inside clouds. These
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hydrophilic aerosols partition into cloud water via nucleation 2 Methods
or impaction scavenging and are thus scavenged with simi-
larly high efficiency to HN@ (Murakami et al., 1983; Jensen 2.1 Meteorological data
and Charlson, 1984; Gillani et al., 1995). Washout by rain
and snow below clouds further enhances wet deposition offhree important factors that potentially modulate mercury
both soluble gases and aerosols (Levine and Schwartz, 198%et deposition in thunderstorms are the nature of the up-
Feng et al., 2007, 2009). Prior studies also show the viabil-draft, vertical variation of horizontal wind in the environ-
ity of utilizing cloud-resolving models in understanding pro- ment and hydrometeor mixing ratio within clouds. A sub-
cesses related to removal and transport of trace species tstantial amount of the air within thunderstorms originates
convective storms (Barth et al., 2007; Halland et al., 2009). from within the PBL (Dickerson et al., 1987; Cotton et al.,
Regional differences in wet scavenging efficiency, which 1995). Thus the mass flux and the incorporation of PBL air
might affect mercury deposition patterns, have not been sysinto the thunderstorm are influenced by the updraft verti-
tematically examined, but cloud dynamics literature providescal velocity. Small-scale turbulent and larger-scale cloud en-
some insights. Environmental characteristics, such as atmadrainment (Fig. 2) also incorporates free tropospheric air into
spheric instability, impact the mixing of air from surround- thunderstorms (Knupp and Cotton, 1985). Further, there are
ings into convective clouds (Cohen et al., 2000) and thundertwo forms of small-scale turbulent entrainment: lateral and
storms forming in moist marine environments better scav-cloud top entrainment. Of these, cloud top entrainment is
enge soluble trace gases from the atmosphere compared tmore effective and is driven by fluid shear instabilities that
those that form in a continental setting due to their slowerengulf environmental air along the cloud edge caused by
updrafts and efficient conversion of cloud water to rain (Yin horizontal variations in updraft strength. Subsequent evap-
etal., 2001). In addition, Cotton et al. (1995) found that cloud oration of cloud droplets within engulfed air leads to down-
venting, or transport of boundary layer air by storms to upperdrafts that penetrate and mix environmental air over depths
levels, varies substantially as a function of storm type (Cot-of 1-2 km (Knupp and Cotton, 1985). Larger-scale system-
ton et al., 1995), with ordinary thunderstorms being less effi-atic lateral entrainment, under conditions without environ-
cient compared to mesoscale convective systems, excludinmental shear, occurs due to increasing vertical velocity with
mesoscale convective complexes. height and associated lateral flow driven by mass continuity
This study uses cloud-resolving simulations of convectiverequirements. In sheared environments, high pressure pertur-
and non-convective rainstorms to examine mercury transporbation on the upshear side of thunderstorms diverts the en-
within clouds, including its scavenging by precipitation and vironmental flow and causes a relatively unmixed cloud re-
deposition to the ground. Despite the similar solubility and gion. However, an associated low pressure perturbation fea-
microphysical interactions with convective clouds describedture on the down shear side causes flow reversal and wake
above, oxidized mercury and HN@xhibit important envi-  entrainment, mixing environmental air into thunderstorms.
ronmental differences that justify our specific focus on mer-Unlike turbulent entrainment, wake entrainment is organized
cury: mercury emissions and wet deposition are not collo-at cloud scale. In addition, the magnitude of pressure per-
cated, unlike nitrogen and sulfur; and oxidized mercury con-turbations that drive wake entrainment flow is proportional
centrations are commonly higher in the upper troposphereo vertical shear of horizontal wind and also the gradient of
than in the boundary layer, unlike most other pollutants. Sim-vertical velocity. Knupp and Cotton (1995) note that the rel-
ulations here identify scavenging pathways and test how amative strengths of the turbulent scale and large-scale entrain-
bient atmospheric conditions affect scavenging, based on thment are potentially modulated by environmental character-
well-known ways that these properties affect thunderstormistics, with large-scale entrainment becoming more dominant
dynamics, morphology and microphysics (e.g., Cotton et al. as storm vigor increases. Numerical modeling studies of Co-
1995). Through analysis of radiosonde data, we identify at-hen (2000) do indeed show such modulation of cloud entrain-
mospheric conditions — specifically, convective available po-ment processes, with stronger updrafts in unstable environ-
tential energy, shear and precipitable water — that differ beiments being better able to entrain undisturbed environmental
tween the Northeast and Southeast United States. With simair compared to weak updrafts in a more stable environment.
ulations of thunderstorms occurring under each of these re- In the context of the physical process settings discussed
gions, and assuming the same initial distribution of GOM andabove, the experimental design utilized in this study focuses
HgP, we show that meteorological controls on cloud dynam-on thunderstorm morphology and evolution based on a pa-
ics and microphysics is a factor that need to be considered imameter space defined by three variables, namely convective
explaining the regional enhancement of mercury depositioravailable potential energy (referred from hereon as CAPE),
in the Southeast. vertical shear (vertical component of gradient) of horizon-
tal wind (referred from hereon as SHEAR) and precipitable
water (referred from hereon as PW). Note that CAPE is the
potential energy that is available to a parcel ascending from
the level of free convection to the equilibrium level. CAPE
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Fig. 2. Schematic of entrainment processes in convective clouds (Adapted from Knupp and Cotton, 1985). Turbulent eddies along the lateral
and top boundaries of the cloud entrain environmental air into the cloud. Convective cloud acts as a flow obstruction and leads to positive
(H) and negative pressure perturbatidr) on the upshear and downshear side. Flow patterns associated with clockWwjsan@ counter

clockwise ¢ ™) rotating vortex couplets that from the southern and northern flanks of the updraft (vertically pointing arrows within the cloud)
also reinforce the wake entrainment.

Table 1. The name and discrete value ranges of CAPE, SHEAR and PW considered in this study.

Variable CAPE (Jkg?l) SHEAR (ms1) PW (mm)

Category name ¢1000 C1500 c2000 ¢2500 s5 s10 s15 p40 p50 p60
Mean value 1000 1500 2000 2500 5 10 15 40 50 60
Range +100 +100 4100 +£100 +2 +2 42 +2 +2 +2

is indicative of the atmospheric instability and value ranges The three-parameter space utilized in this study is de-
of less than 1000 J kg, 1000-2500 J kgt and greater than  fined by discrete ranges of CAPE, SHEAR and PW (Ta-
2500J kgt are considered weakly unstable, moderately un-ble 1). The ranges represent different possible combinations
stable and largely unstable, respectively. CAPE is also in-of these parameters. Occurrences of these parameter combi-
dicative of the maximum updraft speed since it is the amountations are determined by analyzing radiosonde observations
of energy available for conversion to kinetic energy. As dis-from five Northeast sites{40° N) and three Southeast sites
cussed previously, higher SHEAR leads to better organized~ 30° N) for the summer months 2001-2011 (Fig. 3) using
flows, especially those related to larger-scale entrainmentthe methodology of Nair et al. (2002).

PW is the total amount of water vapor available within an

atmospheric column and is expressed as the height (usual®.2 Model description

in mm) of the column of liquid water obtained from con- ] ] . )
densing all the water vapor within an atmospheric columnThe Regional Atmospheric Modeling System (RAMS) is a
of cross section 1 PW impacts the amount of conden- non-hydrostatic finite difference numerical model used to
sate present within the updraft and thus the vertical veloc-Simulate atmospheric phenomena ranging from cloud scale
ity. The three parameter space used in this study is a subsé® mesoscale (Cotton et al., 2003). In this study, the RAMS
of higher dimensional parameter spaces utilized by prior nu-Version 6.0_ is configured to'S|muIa'te individual thunder-
merical modeling studies of thunderstorm morphology andStorms, their internal convective motions and resultant pre-
evolution (Cohen, 2000; McCaul Jr. and Weissman, 2001;cipitati0n. Similar to McCaul Jr. et al. (2005), we use an
McCaul Jr. et al., 2005: Cohen and McCaul Jr., 2006 Kirk- idealized experimental design to highlight the role of en-
patrick et al., 2007; Kirkpatrick et al., 2011). Note that these Vironmental conditions on storm morphology and mercury.
studies do show that CAPE, SHEAR and PW modulate cloudlne horizontal domain consists of flat terrain extending
mass flux, cloud entrainment and hydrometeor mass distribul20 kmx 120 km with a spacing of 500 m in each dimension.
tion in thunderstorms and all of these processes are importantD€ vertical resolution is 20 m near the ground, increasing to

to wet deposition remova| of atmospheric mercury. 1000 m at h|gh a|t|tudes, Up to mOdel tOp at 235 km CyC“C
lateral boundary conditions are used.
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Fig. 3. Launch sites for the radiosondes used in the present studyment and are neglected here. Chemical oxidation and reduc-

Blue triangles denote the northern stations located at arouhN 40 tion are also neglected because reactions in both gas and

green diamonds denote the southern stations n&x 30 agueous phases have time scales much longer than the du-
ration of our simulations (Lin and Pehkonen, 1999; Subir et
al., 2011). We use a detailed cloud microphysical parameter-

Two soluble mercury Speciesy GOM and HgP, are indudedzation, with prognOStiC equations for miXing ratios of cloud
in the simulations here. These species are transported b¥yater, rain, pristine ice, snow, aggregate, graupel and hail hy-
bulk air motions and within precipitation. Exchange of GOM drometeors (Walko et al., 1995; Myers et al., 1997).
and HgP between air, cloud water and precipitation follow a
scheme for nitric acid and inert aerosols (Seinfeld and Pan2.3 Initial vertical Hg profiles
dis, 2006) as implemented in RAMS by Voudouri and Kallos
(2007). Within clouds, GOM concentrations in cloud water Initial conditions for GOM and HgP (Fig. 4) are for summer
are in Henry’s law equilibrium with the interstitial air, while conditions over the Southeast US, as simulated by GEOS-
HgP is assumed to reside entirely in the condensed water c€hem global Hg model (Holmes et al., 2010a) since ver-
ice. The dissolved fractions of GOM and HgP are then trans+ically resolved observations of GOM and HgP are rare.
ported downward by hydrometeors at the same rate that preFhe global model includes oxidation of Hg(0) by bromine
cipitation forms. Below clouds, GOM is scavenged by rain and Coburn et al. (2011) have recently observed BrO in
following the Levine and Schwartz (1982) mechanism for the marine boundary layer and free troposphere near our
nitric acid (see also Eq. 20.25 of Seinfeld and Pandis, 2006)study area. The initial conditions include surface concentra-
Falling rain and ice scavenge HgP with collision efficienciestions of GOM around 10 pg ir?, which is similar to sub-
calculated for monodisperse aerosols with diameter 300 nnurban and rural observations in the Southeast US (Edgerton
(see Eq. 20.53 of Seinfeld and Pandis, 2006). Both GOM ancet al., 2006; Valente et al., 2007). The GEOS-Chem model
HgP are released back to the air if hydrometeors evaporatalso reproduces observed vertical gradients of Hg(0), includ-
before reaching the ground. Ice is assumed not to scavengeg in the lower stratosphere at mid-latitudes (Holmes et al.,
GOM (Sigler et al., 2009; Amos et al., 2012), so no GOM 2010a). Simulated GOM and HgP concentrations near the
is scavenged below39°C. This wet deposition scheme has tropopause are smaller than reported by Lyman and Jaffe
been evaluated against observations from the Mercury De¢2012) (120 pg m2 vs. 500 pg m? for total oxidized Hg at
position Network (MDN) in the Eastern United States. Dur- 15 km) but show a similarly sharply increasing vertical gra-
ing periods when RAMS accurately simulates precipitationdient in the lower stratosphere. At higher altitudes, Lyman
amounts, the model reproduces about half of the observednd Jaffe (2012) suggest that there is little Hg of any kind
variability in mercury deposition, similar to the CMAQ-Hg above 17 km, due to aerosol scavenging and gravitational
model (Moudouri et al., 2007). sedimentation. These aerosol processes are not included in

The model is initialized with horizontally uniform verti- the GEOS-Chem model, but the results of this work are not
cal profiles of wind and thermodynamic variables. A warm sensitive to this assumption because, as shown below, there
air bubble is inserted at the surface to trigger convectionis little wet scavenging from these stratospheric altitudes. In
and its subsequent evolution is simulated for 2 h. Over thes¢he present study, equal amounts of GOM and HgP are as-
short timescales, atmospheric radiative transfer and landsumed for simplicity so that all differences in scavenging
atmosphere interactions have little effect on storm develop-and deposition of these species are due to interactions with
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hydrometeors. Select simulations using uniform GOM andTable 2. Average and standard deviation of CAPE, SHEAR, and

HgP initial conditions are described further below. PW over the Eastern United States during 2001-2011. See Fig. 2
for radiosonde sites used in the analysis.

2.4 Numerical modeling experiments

Location CAPE SHEAR PW

Three types of experiments are conducted: (1) diagnosis  (Profiles) (Gkgh (ms™ (mm)

of how a typical thunderstorm transports mercury verti- South ¢ = 4631) 1324.0£ 896.5 6.1+3.6 46.8£9.2
cally through advection and precipitation, including sur- North (z =3770) 813.9-1046.7 13.6-5.3 37.4+8.6
face deposition; (2) simulations of thunderstorms that form
and evolve in environments with differing combinations of

CAPE, SHEAR and PW and associated sensitivity expery,,t SHEAR varies will be compared (e.g., c2500s10p50_s
iments to isolate the effect of SHEAR and; (3) simula- yersys ¢2500s5p50). An implicit assumption in such com-
tion of a stratiform rainfall event to compare .the efficacy parisons is that the majority of the variability is due to the
of removal of mercury between deep convective and stratyarameter that is altered between the experiments. However,
iform systems. The first experimental case study traces thg, practice it is difficult to get two atmospheric profiles that
fate of mercury, including wet deposition, during & strong paye two parameters exactly the same. Another possibility is
thundersto_rm that occurs undler conditions in tr11e Southy, artificially modify the atmospheric profile to modify just
eastUS (with CAPE=2500Jkg ", SHEAR=10ms ™%, and e characteristic. Since CAPE and PW are interconnected
PW=60mm). Six simulations are run with uniform initial \5riaples it is difficult to change PW without altering CAPE.
concentrations of 30 pgn¥ for GOM and HgP throughout = o wever, for a given combination of CAPE and PW, differ-
the following altitude ranges: the entire depth of the modeling SHEAR profiles may be imposed by scaling the wind
atmosphere (STD); planetary boundary layer (0-2 km, PBL)yrqfile. Such shear sensitivity experiments will be conducted
lower free troposphere (2-5km, LFT); upper free tropo- b imposing a uniform scaling factor of 0.5 to the wind pro-
sphere (5-10km, UFT); and tropopause-lower stratosphergie throughout the depth of the atmosphere. The sensitivity
(10-16km, TLS). Initial GOM and HgP concentrations are gimyation will be denoted by adding a prefix of _0.5SHEAR
zero elsewhere. After passage of the thunderstorm, we diagy the name of the experiment for which the wind profile is
nose the final altitude distribution and deposition of mercury 4 dified by a uniform scale factor. The validity of the as-

in each simulation. sumption implicit in the comparisons of the second set of

The second type of experiments conducted examines thgyyeriments will be tested utilizing the SHEAR sensitivity
atmospheric removal of mercury by convective storms SiMU-gyperiments.

lated for multiple combinations of CAPE, SHEAR and PW  The third type of experiments simulates a stratiform pre-

within the defined parameter space (Tables 1, 3). Realisgjnitation event, to compare the efficacy of mercury removal
tic initial GOM and HgP vertical profiles are used (Fig. 4), py stratiform versus convective cloud systems. It is diffi-
as described above. These simulations are conducted stattyj; ¢ initiate a stratiform event in an idealized experimen-

ing from initial meteorological conditions specified using ra- (5| framework used for simulating convective events. For the
diosonde observations from both the Southeast and Northgyatiform simulation, RAMS was initialized using the spa-
east sites (Fig. 3). The following naming convention is usedyja|ly heterogeneous North American Model (NAM) atmo-
to identify the different simulations:XsYpZ_SID, where  gpneric analysis and incorporating realistic atmospheric forc-
X, Y andZ are the values of CAPE, SHEAR and PW, re- jhq A nested grid structure was employed in these exper-
spectively, associated with the radiosonde observation useghents 1o establish an inner domain similar to that used in
in the experiment and SID indicates the geographical locaihe jgealized simulations for convective events. The RAMS
tion. The variable SID can be:" or “s” indicating Northeast s integrated until a stratiform cloud deck is established and
or Southeast sites. A numerical model simulation, initialized y,5intained for a time period of two hours, consistent with the
using radiosonde observations from a Southeast site and witfks time of the convective events considered in this study.

a 1000Jkg! CAPE, 15 ms?! shear and 50 mm PW will be

referred to as ¢c1000s15p50_s. A similar simulation, except

initialized using a profile from a Northeast radiosonde sitez Results

will be referred to as c1000s15p50_n. Radiosonde observa-

tions over both Northeast and Southeast are both utilized ir8.1  Frequency of occurrence of radiosonde

order to account for variability related to environmental pa- observations as a function of parameter space
rameters in addition to CAPE, SHEAR and PW.

In the second set of experiments, for a given CAPE, re-Analysis of radiosonde observations found that, compared
sponse of mercury wet deposition to systematic variationdo the Northeast sites, the mean CAPE and PW is 62 % and
in PW and SHEAR will be examined (Fig. 5). For exam- 25 % higher, and SHEAR is 125 % smaller at the Southeast
ple two simulations where CAPE and PW are held constansites (Table 2). Cumulative frequency distributions of CAPE

Atmos. Chem. Phys., 13, 101430157 2013 www.atmos-chem-phys.net/13/10143/2013/
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c2200pSs10

z2000p80s10

Fig. 5. Thermodynamic and wind profiles used to initialize numerical model simulations experiments ¢2500p50s10, ¢2500p60s10,
€2500p50s5 and ¢2500p60s5 are shown in top left, top right, bottom left and bottom right panels respectively.

Table 3. Co-occurrence of specific value ranges of CAPE (c1000, (Fig. 6a) for soundings with low to high instability, show
€1500, c2000 and c2500), SHEAR (s5 and s10) and PW (p40 andhat the atmosphere of the Southeast is climatologically more
p50) at the southern and northern sites for summer months of 2000unstable than the Northeast, with65 % of the soundings
2011. The counts of the co-occurrence for the southern sites arfaving CAPE of< 2000 J kgl at the Northeast sites versus

given after the CAPE case names and followed by that of the north
ern sites given in the parenthesis. The co-occurrences for a specifig
SHEAR and PW category are listed below all the CAPE cases in

the category.

p50 p60

s5  ¢1000-73(2) ¢1000-11 (0)
c1500— 36 (0) c1500- 21 (1)
c2000-36 (0)  c2000- 9 (0)
c2500- 13 (0) ¢2500- 14 (0)

158 (2) 55 (1)

s10 c1000-29 (12) ¢1000-4 (2)
c1500- 19 (4)  c1500- 6 (0)
c2000-20 (2)  c2000- 3 (0)
€2500- 9 (3)  c2500-4 (1)

77 (21) 17(3)

www.atmos-chem-phys.net/13/10143/2013/

only ~19 % at the Southeast sites. The highest number of
oundings at the Southeast sites falls within the CAPE range
2000-2500 J kg* followed by 2500-3000 J kg range. At
the Northeast sites, 92% and 20% of the radiosonde ob-
servations have PW values50 mm and SHEAR< 8 ms1,
respectively (Fig. 6b, c), compared t061% at 69 % the
Southeast sites (Fig. 6b). The contrast between the sites
becomes even more evident when co-occurrences of spe-
cific ranges of CAPE, PW and SHEAR are considered (Ta-
bles 2, 3). For example, for moderate PW (50 mm) and all
values of CAPE, Southeast sites are most likely to have low
SHEAR (s5), while Northeast sites are likely to have higher
SHEAR (s10) (Table 3). Of the categories examined here,
only the combination of highest SHEAR (15 m'$ and low-
est PW (40 mm) occur more frequently in the Northeast than
in the Southeast.

Numerical modeling experiments discussed in the fol-
lowing sections will consider thunderstorm development for

Atmos. Chem. Phys., 13, 1014357 2013
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Fig. 6. Cumulative frequency distribution ¢&) CAPE; (b) PW and;(c) SHEAR for the time period 2000—2011. The thick solid line is for
the northern sites and the thick dashed line is for the southern sites.

Table 4. Fraction of mercury mass (%) transported from an initial altitude to a final altitude by the passage of a thunderstorm. Transport

includes advection and within precipitation. Each column corresponds to an experiment initialized with 38 @M and HgP in the
specified initial altitude range and zero elsewhere. The STD experiment has uniform 3@ pgitial mixing ratios through the entire

column. The total mass of mercury in each experiment is 71.3TR(RBL), 98.8 ng T2 (LFT), 148ngn12 (UFT), 191 ngm2 (TLS),
180.9 ng nT2 (MST), and 690 ng m? (STD).

Initial altitude

Final altitude PBL LFT UFT TLS MST STD

(0-2km) (2-5km) (5-10km) (10-16km) (16-23km) (0-23km)
16-23 km 0.0 0.0 0.0 5.7 96.2 26.9
10-16 km 0.0 0.0 15 88.4 3.1 25.3
5-10km 0.0 0.7 83.4 2.6 0.0 18.7
2-5km 1.3 62.8 3.3 0.3 0.0 10.1
0-2km 47.2 2.2 0.3 0.0 0.0 5.3
Surface deposition and 515 34.4 115 3.0 0.7 13.7
(deposited mass, pg_n?r) (36.7) (33.6) (17.0) (5.6) (1.3) 94.7)

environments with CAPE of2500Jkg? (highly unsta-  with uniform vertical distribution of GOM and HgR 60 %

ble conditions) which occur frequently over the Southeastof the mercury deposited at the surface originates from above
(Fig. 6a). Since the unstable conditions also frequently co-2 km, with lower free troposphere layer, upper free tropo-
occur with smaller values of SHEAR (5m%Y over the  sphere and tropopause—lower stratosphere layers contribut-
Southeast sites (Table 3, Fig. 6), numerical modeling experiing 35 %, 18 % and 6 %, respectively. In reality, the contribu-
ments are utilized to contrast how mercury concentrations irtion from the free troposphere under these conditions would
thunderstorm rainfall is altered in a higher shear environmentikely be larger since GOM and HgP mixing ratios increase
more prevalent over the Northeast. with altitude (Fig. 4; Lyman and Jaffe, 2012).

Profiles of the domain-averaged perturbation of GOM
(Fig. 7a), at the end of the sensitivity experiments LFT and
UFT, show anincrease in GOM in the boundary layer, caused
by both evaporation of precipitation reaching this layer and

We next develop a physical understanding of how thunder-y. 455 advection (Fig. 7a). However, in the STD simula-

storms transport mercury through a case study of a singlqion’ the gain in GOM in the boundary layer is negated by

storm containing GOM and HgP starting at various alti- o higher magnitude of loss of GOM from within the layer.
tudes. The ¢2500s10p60 initial conditions produce a Vigor—rnus. the profile of mean GOM perturbation in the STD ex-

ous storm and relatively high wet removal and deposition Ofperiment is dominated by scavenging except in the region im-

atmospheric mercury. This experiment shows that the SUlediately above the PBL (Fig. 7a). Inthe TLS, UFT and LFT

face wet deposition is most sensitive. to GOM and HgP i”experiments, some HgP is transported downwards (Fig. 7b),
the boundary layer (Table 4). Approximately 50 % of mer- but in the STD simulation, HgP removal dominates at all al-

cury mass initially in the PBL is removed through wet de- 4 qes.
position. The fraction of mercury deposited to the surface \gte that the largest GOM changes in the STD simula-

declines with altitude, being 34 % for the lower free tropo- yi,n ooeyr at the highest altitudes (Fig. 7a), where little GOM

sphere, 11.5% for the upper tropospheric region and 3.5 % removed to the surface. This indicates that thunderstorms
for the tropopause region and above. In the STD simulation

3.2 Diagnosis of mercury wet deposition in
thunderstorms
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y <, [ﬂ';, i {b} periments cZ_SOOSSpSOTs and 02500510p50_§ experiments.
. " . ) Thus, the differences in mercury concentration between
- ] B - €2500s5p50_s and ¢2500s10p50_s experiments are caused
< i \/ . primarily due to variation in SHEAR. Similarly, differ-
8 } [tre—s ences in mercury concentration between c2500s5p60_s and
g In'b g _’_/ | €2500s10p60_s cases are also explained by the variation of
)

SHEAR (Fig. 8d).

ET :,1_ 2 ‘ 3.4 \Vertical distribution of mercury wet deposition
F | z

- - 4 o1m 10 -5 o s o s removal and mass flux in thunderstorms

GoM [pg/m™ Heg#® {paSm™)

. o Spatial (domain) and temporal averages (for the time period
Fig. 7. Domain averaged perturbation of GOM (paagland HgP  of the simulation) of vertical profiles of hydrometeor mix-
(panelb) at the end of the following simulations: PBL (blue), LFP ing ratio (both ice and water phase), wet deposition removal
(grgen), UFT (orange), TLS (red) and STD (black) sensitivity ex- of GOM and HgP were computed for the c2500s5p50_s,
periments. €2500s10p50_s, ¢2500s5p60_s and ¢2500s10p60_s experi-
ments. Note that the spatial average considers only atmo-
. : . . - spheric columns where hydrometeors are present. For all the
are mixing the high altitude reservoir of oxidized mercury cases considered, GOM and HgP scavenging occurs over a

downwards and making it more susceptible to scavenging b36eep layer of the atmosphere, extending from the surface to
subsequent storms. In areas where thunderstorms occur fre-

iV thi ldb tential vath ; h p = 10km (Fig. 9). Note that the hail and graupel hydromete-
quently, this cou’d be a potential pathway for enhanced Mery, s \yhich are classified as ice in the figure, carry some liquid
cury wet deposition.

water, as well as ice, and thus scavenge GOM at high alti-
tudes where there is no rain. The scavenging of both GOM
and HgP in the upper regions of the boundary layer and the
lower tropospheric layer increases with PW.

When comparing mercury concentrations in precipitation be- 11€re are substantial differences in mass flux of hydrom-
tween different events, confounding effects of differences in®t€0rs (fransport of mass of hydrometeor per unit area per

amount of precipitation needs to be taken into account. MerUNit time) and mercury (GOM used as an example) be-

cury concentrations in rainfall decrease approximately expofWeen €2500s5p50_s, ¢2500s10p50_s, c2500s5p60_s and

nentially with rainfall amount (Holmes et al., 2010b) due to ¢2°00510p60_s experiments (Fig. 10). Both hydrometeor
the washout effect, which is also observed for other soly-2nd GOM mass flux increases with PW (Fig. 10a, b). Scav-

ble trace gases and aerosols. Numerical model simulation§"9ing of mercury (Fig. 9) and concentrations in rainfall
for parameter combinations c2500s5p50_s, c2500s10p50_&19: 8a, b) are both sensitive to hydrometeor and GOM mass

€2500s5p60_s and c2500s10p60_s (Fig. 5) also show nearf#JX in the 04 km layer. Note that GOM mass flux in down-
exponential decrease of mercury in rainfall (Fig. 8a, b), sim-drafts have magnitudes similar to those in updrafts, but the
ilar to observations. cloud mass flux associated with the downdrafts are substan-

For a given CAPE (2500Jkg), the concentration of tially less (Fig. 9). This is indicative of transport in clear air
mercury in rainfall is sensitive to SHEAR, but the nature €9ions or along the lateral boundary region of the thunder-

of the sensitivity depends upon PW. For lower PW con- storm. In all the experimen_ts, there is enhanced GOM flux
ditions (50 mm), an increase in SHEAR (5 to 10Ths near the tropopause, desp!te the S|_'nall cloud mass flux, be-
leads to an increase in mercury concentrations (Fig. 8a) foF2use the high concentration gradients are largest at these
lower precipitation amounts (<13 mm), but a reduction gt &ltitudes (Fig. 4). While such sharp gradients of oxidized
higher precipitation amounts (> 13 mm). At higher PW con- Mercury have been observed around_ the tropopause (Lyr_nan
ditions (60 mm) increase in SHEAR (Fig. 8b) leads to de- an_d Jaffe, 2012?, the Iarge_ fluxes simulated at these high
crease in mercury concentrations for all the precipitation@titudes have high uncertainty because of the sparse con-
amounts. Nevertheless, the total mercury deposition inteStraints on the gradient in the initial conditions. Above the
grated over all precipitating areas decreases with increadfOPOPause, vertical Hg fluxes diminish quickly because the

ing SHEAR. To demonstrate that the effect is primarily strong stratospheric temperature inversion suppresses cloud

due to shear, we isolate SHEAR in sensitivity experimentsvertical motions. This also explains the negligible impact of

c2500s10p50_s_0.5SHEAR and c2500s10p60 0.5SHEAFStratospheric GOM on deposition, seen in the MST simula-
where the shear profiles are uniformly scaled to half the valud!on above (Sect. 3.2).

(Fig. 8c, d). Differences in mercury concentration in rainfall

between ¢2500s10p50_s and ¢2500s10p50_ s 0.5SHEAR

experiments (Fig. 8c) are similar to differences between ex-

3.3 Impact of convective storm morphology on mercury
wet deposition and concentration in precipitation
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Fig. 11. Mercury concentratiorfa) and wet depositioifb) as a function of accumulated rainfall. The red and black bars show simulations
initialized with radiosonde profiles from southern sites and northern sites, respectively.

3.5 Comparison of mercury concentrations in rainfall have a large influence on mercury concentrations in rainfall
in the Northeast and Southeast and wet deposition.

3.6 Mercury concentration in rain: comparison

Analysis of radiosonde observations (Sect. 3.1) show that between stratiform and convective events

gomtl?]lnatltoni of CAPE, Sg'tEAE atr;]d P\iv f_itfe dfeg?ntGOVGNr Uptake of mercury over a deeper layer of the atmosphere
outheast sites compared to Northeast Sftes (Table 6). Ys potentially one of the factors that contribute to enhanced
merical modeling experiments also show that mercury con-

L L mercury wet deposition in thunderstorms in comparison to
centration is higher for SHEAR and PW combinations thatOther types of precipitation systems. Comparison between

are more common in the Southeast (Sect. 3.3). Howeverhe stratiform and thunderstorm simulations c2500s5p50_s,

there are other degrees of freedom that need to be consi ©2500s10p50_s, c2500s5p60_s and c2500s10p60_s show
higher mercury concentration in the latter, even after ac-

ered which could mask or modulate the effects of variabil-

|t_y of C.APE’.SHEAR and PW. Theref_ore, an ensemble of counting for the dilution effect (Fig. 12). In the stratiform
S|mulat|qns, .|nvolvmg thunderstorms simulated for parame'aaxperiment, GOM and HgP scavenging only occurs below
ter comblnat_lons that occurfrequently over the Northeast an I 4.5km altitude (Fig. 13), whereas in thunderstorms sub-
Southe_ast sites are compared (E|_g. 11). The mercury Cong, ol removal occurs up to 10km (Fig. 9).

centration and surface wet deposition for these two different

groupings are then plotted as a function of accumulated rain-

fall (Fig. 11). For a majority of the bins, the mean difference 4 Discussion

is statistically significant at 95 % confidence level. The mean

ratio of concentrations between the southern and northerfThis study shows that thunderstorms can remove more mer-
sites for all the rainfall bins in Fig. 11 is 1.53. This analysis  cury from the atmosphere than stratiform precipitation sys-
shows that meteorological controls on storm morphology cartems. Meteorological conditions in the Southeast can favor
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simulations are initialized with identical GOM and HgP conditions.

response to changes in environmental conditions, such as
PW, could therefore be substantially different, and the ap-

. 2 Eroach taken in this study has to be extended to actual events.
namic structures that enhance wet deposition removal 05g:6ny in numerical simulations the rainfall mercury con-

GOM and HgP. Sensitivity studies further show that thun- conration can be determined at all grid points within the do-

derstorms can scavenge GOM and HgP from both the Fhy, 5, opservations of wet deposition are often taken at few

and PBL. If Hg(ll) concentrations increase with altitude as gjiserete |ocations and a large sample size would be required
suggested by aircraft observations (Sillman et al., 20_07; Ly,'to capture the spatial variability indicated by numerical sim-
man _and_ Jaffe, 2012), then our calculat_ed_scavenglng E?ﬁ'ijlations (Figs. 8 and 11). Oxidation of Hg(0) though photo-
ciencies imply that the FT supplies the majority of mercury in .pemistry and aqueous phase reactions are not considered in

wetdeposition from thunderstorms, as has been hypothesizeglig st,dy and will be evaluated in future investigations. The

by earlier investigators (Guentzel et al., 2001; Selin and Ja’cyclic lateral boundary condition assumed in this study is

cob, 2008; Shanley etal., 2011). These modeling results alsgy, siher imitation since it can reintroduce material removed
support the observational finding of Holmes et al. (201Ob)th0ugh the outflow to the inflow. However, the simulations

that part of the Southeast US wet deposition enhancement,siqered in this study are for short timescales, such effects
could be explained by the frequency of thunderstorms andare expected to be minimal

their greater scavenging. Better constraints on mercury wet
scavenging processes could be provided by airborne mercury
measurements in convective cloud inflow and outflow, to-5 Conclusions
gether with modeling of specific convective events, as has
been done for nitric acid (e.g., Barth et al., 2007), how- Past studies suggested that tall convective thunderstorms may
ever these mercury data do not currently exist. The upcombe responsible for the enhanced mercury deposition in the
ing Nitrogen, Oxidants, Mercury and Aerosol Distributions, Southeast and our modeling work explores the dynamical
Sources and Sinks (NOMADSS) field aircraft experiment and scavenging mechanisms at work in thunderstorms. We
should partially fill this gap, as it is designed to evaluate mer-use simulations in the RAMS cloud-resolving model to ex-
cury wet deposition, among other goals, through extensiveamine the wet scavenging efficiency of mercury at various
vertical profiles and horizontal surveys of Hg(ll) and associ- altitudes (PBL vs. FT) and to test how mercury wet deposi-
ated trace gases over the East and Southeast US. tion responds to several environmental properties that affect
It is also important to consider the limitations of the mod- thunderstorm morphology (CAPE, PW and SHEAR). Simu-
eling approach in this work. Experiments here are designedations here include two soluble mercury species: GOM and
to eliminate complicating effects from large-scale dynamicalHgP. Their interactions with cloud water and ice are simu-
forcing and chemical transformation. Thus this study doeslated based on their similarities to nitric acid and hydrophilic
not include organized, larger-scale convective systems sucherosols and also informed by surface observations of GOM
as mesoscale convective systems that are initiated by dynanand HgP during rain, snow and riming conditions. Observa-
ical forcing that is substantially different from the warm bub- tions of GOM and HgP in convective cloud inflow and out-
ble initiation that are idealized counterparts of disorganizedflow and model comparison to specific rain events could fur-
convection. The timescales and circulation patterns associther constrain mercury wet scavenging processes, but are be-
ated with such systems are considerably different and theiyond the scope of this work.

the formation of thunderstorms with microphysical and dy-
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