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Abstract

This study examines dynamical and microphysical features of convective clouds that
affect mercury (Hg) wet scavenging and concentrations in rainfall. Using idealized nu-
merical model simulations in the Regional Atmospheric Modeling System (RAMS), we
diagnose vertical transport and scavenging of soluble Hg species in thunderstorms5

under typical environmental conditions found in the Northeast and Southeast United
States (US). Three important environmental characteristics that impact thunderstorm
morphology were studied: convective available potential energy (CAPE), vertical shear
(0–6 km) of horizontal wind (SHEAR) and precipitable water (PW).

We find that in a strong convective storm in the Southeast US that about 40 % of mer-10

cury in the boundary layer (0–2 km) can be scavenged and deposited to the surface.
Removal efficiencies are 35 % or less in the free troposphere and decline with altitude.
Nevertheless, if we assume that soluble Hg species are initially uniformly mixed verti-
cally, then about 60 % deposited mercury deposited by the thunderstorm originates in
the free troposphere.15

For a given CAPE, storm morphology and Hg deposition respond to SHEAR and PW.
Experiments show that the response of mercury concentration in rainfall to SHEAR de-
pends on the amount of PW. For low PW, increasing SHEAR decreases mercury con-
centrations in high-rain amounts (>13 mm). However, at higher PW values, increasing
SHEAR decreases mercury concentrations for all rainfall amounts. These experiments20

suggest that variations in environmental characteristics relevant to thunderstorm for-
mation and evolution can also contribute to geographical difference in wet deposition
of mercury.

An ensemble of thunderstorm simulations was also conducted for different combina-
tions of CAPE, SHEAR and PW values derived from radiosonde observations at five25

sites in the Northeast United States (US) and at three sites in the Southeast US. Using
identical initial concentrations of gaseous oxidized mercury (GOM) and particle-bound
mercury (HgP), from the GEOS-Chem model, the simulations predict higher mercury
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concentrations in rainfall from thunderstorms forming in the environmental conditions
over the Southeast US compared to the Northeast US.

Mercury concentrations in rainfall are also simulated for a typical stratiform rain event
and found to be less than in thunderstorms forming in environments typical of the
Southeast US. The stratiform cloud scavenges mercury from the lower ∼4 km of the5

atmosphere, while thunderstorms scavenge up to ∼10 km.

1 Introduction

Lakes, rivers and coastal waters throughout the United States contain mercury at levels
that harm wildlife and people who consume fish from these waters (EPA, 2011). Mon-
itoring has established that atmospheric transport and deposition is a major source of10

mercury to many of these watersheds (Lindberg et al., 2007; Northeast Regional Mer-
cury Total Maximum Daily Load, 2007). In the Eastern United States, wet deposition
is largest over the Gulf Coast region (Fig. 1), particularly during the summer months,
coinciding with the peak of convective storm activity. Indeed, rainwater samples from
thunderstorms contain higher mercury concentrations than rain from non-convective or15

weakly convective storms (Holmes et al., 2010b).
The causes of enhanced mercury concentrations in thunderstorm rain remain un-

clear. The enhancement might be due to the large volumes of boundary layer air that
are sucked into the convective updraft, where scavenging can occur (Dvonch et al.,
1998, 2005; White et al., 2009). Alternatively, deep convective thunderstorms may20

scavenge from a high-altitude reservoir of soluble mercury that is inaccessible to weak
or non-convective storms (Guentzel et al., 2001; Selin and Jacob, 2008; Landing et
al., 2010). Soluble mercury species consist of gaseous oxidized mercury (GOM) and
particle-bound mercury (HgP), both of which can be scavenged by cloud water and
precipitation. These species are emitted directly from coal-fired power plants and some25

other industrial sources and can also be produced by oxidation of elemental mercury
(Hg(0)), the dominant form of atmospheric mercury. The Eastern US has large mercury
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emissions and aircraft have documented the increase of oxidized mercury with altitude
(Sillman et al., 2007; Talbot et al., 2007; Lyman and Jaffe, 2012), so both mecha-
nisms may plausibly influence mercury concentrations in thunderstorms. The interplay
and importance of these mechanisms, however, depends on the dynamics of thunder-
storms and their atmospheric environment.5

Prior studies have examined the role of cloud dynamics and microphysics on the
transport and scavenging of atmospheric trace species (Cotton et al., 1995; Cohen,
2000; Yin et al., 2001; Barth et al., 2007; Halland et al., 2009). Cotton et al. (1995)
found that cloud venting, or transport of boundary layer air by storms to upper levels,
varies substantially as a function of storm type (Cotton et al., 1995), with the extratropi-10

cal cyclones being most efficient followed by mesoscale convective systems (excluding
mesoscale convective complex’s), ordinary thunderstorms, tropical cyclones and con-
vective complexes. Environmental characteristics, such as atmospheric instability, im-
pact the mixing of air from surroundings into the thunderstorms (Cohen, 2000). Thun-
derstorms that form in maritime environments better scavenge soluble trace gases15

from the atmosphere compared to those that form in a continental setting (Yin et al.,
2001), even after accounting for differences in amount of total rainfall between these
two settings. Prior studies also show the viability of utilizing cloud-resolving models in
understating processes related to removal and transport of trace species by convective
storms (Barth et al., 2007; Halland et al., 2009).20

This study uses cloud-resolving simulations of convective and non-convective rain-
storms to examine mercury transport within clouds, including its scavenging by precip-
itation and deposition to the ground. We also test how ambient atmospheric conditions
affect scavenging, based on the well-known ways that these properties affect thunder-
storm dynamics, morphology and microphysics (e.g. Cotton et al., 1995). Through anal-25

ysis of radiosonde data, we identify atmospheric conditions – specifically, convective
available potential energy (CAPE), shear and precipitable water – that differ between
the Northeast and Southeast United States. With simulations of thunderstorms occur-
ring under each of these regions, and assuming the same initial distribution of GOM
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and HgP, we show that meteorological controls on cloud dynamics and microphysics
likely explain part of the regional enhancement of mercury deposition in the Southeast.

2 Methods

2.1 Meteorological data

Three important factors that potentially modulate mercury wet deposition in thunder-5

storms are the nature of the updraft, vertical variation of horizontal wind in the envi-
ronment and hydrometeor mixing ratio within clouds. A substantial amount of the air
within thunderstorms originates from within the PBL (Dickerson et al., 1987; Cotton et
al., 1995). Thus the mass flux and the incorporation of PBL air in thunderstorm are
influenced by the updraft vertical velocity. Small-scale turbulent and larger-scale cloud10

entrainment also incorporates free tropospheric air into thunderstorms (Knupp and Cot-
ton, 1985). Further, there are two forms of small-scale turbulent entrainment: lateral and
cloud top entrainment. Of these, cloud top entrainment is more effective and is driven
by fluid shear instabilities that engulf environmental air along the cloud edge caused
by horizontal variations in updraft strength. Subsequent evaporation of cloud within en-15

gulfed air leads to downdrafts that penetrate and mix environmental air over depths of
1–2 km (Knupp and Cotton, 1985). Larger-scale systematic lateral entrainment, under
conditions without environmental shear, occurs due to increasing vertical velocity with
height and associated lateral flow driven by mass continuity requirements. In sheared
environments, high pressure perturbation on the upshear side of thunderstorms diverts20

the environmental flow and causes a relatively unmixed cloud region. However, an as-
sociated low pressure perturbation feature on the down shear side causes flow reversal
and wake entrainment, mixing environmental air into thunderstorms. Unlike turbulent
entrainment, wake entrainment is organized at cloud scale. In addition, the magnitude
of pressure perturbations that drive wake entrainment flow is proportional to vertical25

shear of horizontal wind and also the gradient of vertical velocity. Knupp and Cotton
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(1995) notes that the relative strengths of the turbulent scale and large-scale entrain-
ment are potentially modulated by environmental characteristics, with the large-scale
entrainment becoming more dominant as the storm vigor increase. Numerical mod-
eling studies of Cohen (2000) do indeed show such modulation of cloud entrainment
processes, with stronger updrafts in unstable environments being able better entrain5

undisturbed environmental air compared to weak updrafts in more stable environment.
In the context of the physical process settings discussed above, the experimental de-

sign utilized in this study focuses on thunderstorm morphology and evolution based on
a parameter space defined by three variables, namely Convective Available Potential
Energy (referred from hereon as CAPE), vertical shear (vertical component of gradient)10

of horizontal 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 is in-
dicative of the atmospheric instability and value ranges of less than 1000 J kg−1, 1000–
2500 J kg−1 and greater than 2500 J kg−1 are considered weakly unstable, moderately15

unstable and largely unstable respectively. CAPE is also indicative of the maximum up-
draft speed since it the amount of energy available for conversion to kinetic energy. As
discussed previously, higher SHEAR leads to better organized flows, especially those
related to larger-scale entrainment. PW is the total amount of water vapor available
within an atmospheric column and is expressed as the height (usually in mm) of the20

column of liquid water obtained from condensing all the water vapor within an atmo-
spheric column of cross section 1 m2. PW impacts the amount of condensate present
within the updraft and thus the vertical velocity. The three parameter space used in
this study is a subset of higher dimensional parameter spaces utilized by prior numeri-
cal modeling studies of thunderstorm morphology and evolution (Cohen, 2000; McCaul25

and Weissman, 2001; McCaul et al., 2005; Cohen and McCaul, 2006; Kirkpatrick et al.,
2007; Kirkpatrick et al., 2011). Note that these studies do show that CAPE, SHEAR and
PW modulate cloud mass flux, cloud entrainment and hydrometeor mass distribution
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in thunderstorms and all of these processes are important to wet deposition removal of
atmospheric mercury.

The three-parameter space utilized in this study is defined by discrete ranges of
CAPE, SHEAR and PW (Table 1). The ranges represent different possible combina-
tions of these parameters. Occurrences of these parameter combinations are deter-5

mined by analyzing radiosonde observations from five Northeast sites (∼40◦ N) and
three Southeast sites (∼30◦ N) for the summer months 2001–2011 (Fig. 2) using the
methodology of Nair et al. (2002).

2.2 Model description

The Reginal Atmospheric Modeling System (RAMS) is a non-hydrostatic finite differ-10

ence numerical model used to simulate atmospheric phenomena ranging from cloud
scale to mesoscale (Cotton et al., 2003). In this study, the RAMS version 6.0 is con-
figured to simulate individual thunderstorms, their internal convective motions and re-
sultant precipitation. Similar to McCaul et al. (2005), we use an idealized experimental
design to highlight the role of environmental conditions on storm morphology and mer-15

cury. The horizontal domain consists of flat terrain extending 120 km × 120 km with a
spacing of 500 m in each dimension. The vertical resolution is 20 m near the ground,
increasing to 1000 m at high altitudes, up to model top at 23.5 km. Cyclic lateral bound-
ary conditions are used.

Two soluble mercury species, GOM and HgP, are included in the simulations here.20

These species are transported by bulk air motions and within precipitation. Exchange of
GOM and HgP between air, cloud water and precipitation follow a scheme for nitric acid
and inert aerosols (Seinfeld and Pandis, 2006) as implemented in RAMS by Voudouri
and Kallos (2007). Within clouds, GOM concentrations in cloud water are in Henry’s
law equilibrium with the interstitial air, while HgP is assumed to reside entirely in the25

condensed water or ice. The dissolved fractions of GOM and HgP are then transported
downward by hydrometeors at the same rate that precipitation forms. Below clouds,
GOM is scavenged by rain following the Levine and Schwartz (1982) mechanism for
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nitric acid (see also Eq. 20.25 of Seinfeld and Pandis, 2006). Falling rain and ice scav-
enge HgP with collision efficiencies calculated for monodisperse aerosols with diameter
300 nm (see Eq. 20.53 of Seinfeld and Pandis, 2006). Both GOM and HgP are released
back to the air if hydrometeors evaporate before reaching the ground. Ice is assumed
not to scavenge GOM (Sigler et al., 2009; Amos et al., 2012), so no GOM is scavenged5

below −39 ◦C. This wet deposition scheme has been evaluated against observations
from the Mercury Deposition Network (MDN) in the Eastern United States. During pe-
riods when RAMS accurately simulates precipitation amounts, the model reproduces
about half of the observed variability in mercury deposition, similar to the CMAQ-Hg
model (Voudouri and Kallos, 2007).10

The model is initialized with horizontally uniform vertical profiles of wind and thermo-
dynamic variables. A warm air bubble is inserted at the surface to trigger convection
and its subsequent evolution is simulated for 2 h. Over these short time scales, atmo-
spheric radiative transfer and land-atmosphere interactions have little effect on storm
development and are neglected here. We use a detailed cloud microphysical parame-15

terization, with prognostic equations for mixing ratios of cloud water, rain, pristine ice,
snow, aggregate, graupel and hail hydrometeors (Walko et al., 1995; Meyers et al.,
1997).

2.3 Initial vertical Hg profiles

Initial conditions for GOM and HgP (Fig. 3) are for summer conditions over the South-20

east US, as simulated by GEOS-Chem global Hg model (Holmes et al., 2010a) since
vertically resolved observations of GOM and HgP are rare. The global model includes
oxidation of Hg(0) by bromine and Coburn et al. (2011) have recently observed BrO in
the marine boundary layer and free troposphere near our study area. The initial condi-
tions include surface concentrations of GOM around 10 pg m−3, which is similar to sub-25

urban and rural observations in the Southeast US (Edgerton et al., 2006; Valente et al.,
2007). The GEOS-Chem model also reproduces observed vertical gradients of Hg(0),
including in the lower stratosphere at mid-latitudes (Holmes et al., 2010a). Simulated
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GOM and HgP concentrations near the tropopause are smaller than reported by Lyman
and Jaffe (2012) (120 pg m−3 vs. 500 pg m−3 for total oxidized Hg at 15 km) but show
a similarly sharply increasing vertical gradient in the lower stratosphere. At higher alti-
tudes, Lyman and Jaffe (2012) suggest that there is little Hg of any kind above 17 km,
due to aerosol scavenging and gravitational sedimentation. These aerosol processes5

are not included in the GEOS-Chem model, but the results of this work are not sen-
sitive to this assumption because, as shown below, there is little wet scavenging from
these stratospheric altitudes. In the present study, equal amounts of GOM and HgP
are assumed for simplicity so that all differences in scavenging and deposition of these
species are due to interactions with hydrometeors. Select simulations using uniform10

GOM and HgP initial conditions are described further below.

2.4 Numerical modeling experiments

Three types of experiments are conducted: (1) diagnosis of how a typical thunderstorm
transports mercury vertically through advection and precipitation, including surface de-
position (2) simulations of thunderstorms that form and evolve in environments with15

differing combinations of CAPE, SHEAR and PW and associated sensitivity experi-
ments to isolate the effect of SHEAR and; (3) simulation of a stratiform rainfall event
to compare the efficacy of removal of mercury between deep convective and stratiform
systems. The first experimental case study traces the fate of mercury, including wet
deposition, during a strong thunderstorm that occurs under conditions in the Southeast20

US (c2500s10p60 s). Six simulations are run with 30 pg m−3 of GOM and HgP ini-
tially spread uniformly over the following altitude ranges: the entire depth of the model
atmosphere (STD), planetary boundary layer (0–2 km, PBL), lower free troposphere
(2–5 km, LFT), upper free troposphere (5–10 km, UFT), tropopause-lower stratosphere
(10–16 km, TLS) and the middle stratosphere (16–23 km, MST). Initial GOM and HgP25

concentrations are zero elsewhere. After passage of the thunderstorm, we diagnose
the final altitude distribution and deposition of mercury in each simulation.
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The second type of experiments conducted examines the atmospheric removal of
mercury by convective storms simulated for multiple combinations of CAPE, SHEAR
and PW within the defined parameter space (Tables 1, 3). Realistic initial GOM and
HgP vertical profiles are used (Fig. 3), as described above. These simulations are
conducted starting from initial conditions specified using radiosonde observations from5

both the Southeast and Northeast sites (Fig. 2). The following naming convention is
used to identify the different simulations: cXsY pZ SID, where X , Y and Z are the
values of CAPE, SHEAR and PW, respectively, associated with the radiosonde ob-
servation used in the experiment and SID indicates the geographical location. The
variable SID can have be “n” or “s” indicating Northeast or Southeast sites. A numer-10

ical model simulation, initialized using radiosonde observation from a Southeast site
and with a 1000 J kg−1 CAPE, 15 m s−1 shear and 50 mm PW will be referred to as a
c1000s15p50 s experiment. A similar simulation, except initialized using a profile from
a Northeast radiosonde site will be referred to as a c1000s15p50 n experiment. Ra-
diosonde observations over both Northeast and Southeast are both utilized in order to15

account for variability related to environmental parameters in addition to CAPE, SHEAR
and PW.

In the second set of experiments, for a given CAPE, response of mercury wet de-
position to systematic variations in PW and SHEAR will be examined. For example
two simulations where CAPE and PW is held constant, but SHEAR varies will be com-20

pared (e.g. c2500s10p50 s v c2500s5p50). An implicit assumption in such compar-
isons is that majority of the variability is due to the parameter that is altered between
the experiments. However, in practice it is difficult to get two atmospheric profiles that
have two parameters exactly the same. Other possibility is to artificially modify the
atmospheric profile to modify just one characteristic. Since CAPE and PW are inter-25

connected variables it is difficult to change PW without altering CAPE. However, for a
given combination of CAPE and PW, differing SHEAR profiles may be imposed by scal-
ing the wind profile. Such shear sensitivity experiment will be conducted by imposing
a uniform scaling factor of 0.5 to the wind profile through the depth of the atmosphere.
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The sensitivity simulation will be denoted by adding a prefix of 0.5SHEAR to the name
of the experiment for which the wind profile is modified by a uniform scale factor. The
validity of the assumption implicit in the comparisons of the second set of experiments,
will be tested utilizing the SHEAR sensitivity experiments.

The third type of experiments simulates a stratiform precipitation event, to compare5

the efficacy of mercury removal by stratiform versus convective cloud systems. It is
difficult to initiate a stratiform event in an idealized experimental framework used for
simulating convective events. For the stratiform simulation, RAMS was initialized using
the spatially heterogeneous North American Model (NAM) atmospheric analysis and
incorporating realistic atmospheric forcing. A nested grid structure was employed in10

these experiments to establish an inner domain similar to that used in the idealized
simulations for convective events. The RAMS is integrated until a stratiform cloud deck
is established and maintained for a time period of two hours, consistent with the life
time of the convective events considered in this study.

3 Results15

3.1 Frequency of occurrence of radiosonde observations as a function of
parameter space

Analysis of radiosonde observations found that, compared to the Northeast sites, the
mean CAPE and PW is 62 % and 25 % higher, and SHEAR is 125 % smaller at the
Southeast sites (Table 2). Cumulative frequency distributions of CAPE (Fig. 4a) show20

that ∼65 % of the soundings have CAPE of ≤2000 J kg−1 at the Northeast sites,
whereas it only ∼19 % at the Southeast sites. The highest number of soundings at
the Southeast sites falls within the CAPE range 2000–2500 J kg−1 followed by 2500–
3000 J kg−1 range. At the Northeast sites, 92 % and 20 % of the radiosonde obser-
vations have PW values <=50 mm and SHEAR<=8ms−1 respectively (Fig. 4b, c),25

compared to ∼61 % at 69 % the Southeast sites (Fig. 4b). The contrast between the
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sites becomes even more evident when co-occurrences of specific ranges of CAPE,
PW and SHEAR are considered (Table 2, Table 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 cat-
egories examined here, only the combination of highest SHEAR (15 m s−1) and lowest5

PM (40 mm) occur more frequently in the Northeast than in the Southeast.
Numerical modeling experiments discussed in the following sections will consider

thunderstorm development for environments with CAPE of ∼2500 J kg−1 (highly unsta-
ble conditions) which occur frequently over the Southeast (Fig. 4a). Since the unstable
conditions also frequently co-occur with smaller values of SHEAR (5 ms−1) over the10

Southeast sites (Table 3, Fig. 4), numerical modeling experiments are utilized to con-
trast how mercury concentrations in thunderstorm rainfall is altered in a higher shear
environment more prevalent over the Northeast.

3.2 Diagnosis of mercury wet deposition in thunderstorms

We next develop a physical understanding of how thunderstorms transport mercury15

through a case study of a single storm containing GOM and HgP starting at various
altitudes. The c2500s10p60 initial conditions produce a vigorous storm and relatively
high wet removal and deposition of atmospheric mercury. This experiment shows that
the surface wet deposition is most sensitive to GOM and HgP in the boundary layer
(Table 4). Approximately 50 % of mercury mass initially in the PBL is removed through20

wet deposition. The fraction of mercury deposited to the surface declines with altitude,
being 34 % for the lower free troposphere, 11.5 % for the upper tropospheric region and
3.0 % for the tropopause and lower stratosphere and 0.7 % for the middle stratosphere.
In the STD simulation with uniform vertical distribution of GOM and HgP, about 60 % of
mercury deposited at the surface originates from above 2 km. In reality, the contribution25

from the upper free troposphere and lower stratosphere (near tropopause) could be
larger since GOM and HgP mixing ratios increase with altitude (Fig. 3; Lyman and
Jaffe, 2012).
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Profiles of domain-averaged perturbation of GOM (Fig. 5a), at the end of the sen-
sitivity experiments LFT and UFT, show an increase in GOM in the boundary layer,
caused by both evaporation of precipitation reaching this layer and air mass advection
(Fig. 5a). However, in the STD simulation, the gain in GOM in the boundary layer is
negated by higher magnitude of loss of GOM from within the layer. Thus, the profile of5

mean GOM perturbation in the STD experiment is dominated by scavenging except in
the region immediately above the PBL (Fig. 5a). In the TLS, UFT and LFT experiments,
some HgP is transported downwards (Fig. 5b), but in the STD simulation, HgP removal
dominates at all altitudes.

Note that the largest GOM changes in the STD simulation occur at the highest alti-10

tudes (Fig. 5a), where little GOM is removed to the surface. This indicates that thun-
derstorms are mixing the high altitude reservoir of oxidized mercury downwards and
making it more susceptible to scavenging by subsequent storms. In areas where thun-
derstorms occur frequently, this could be a potential pathway for enhanced mercury
wet deposition.15

3.3 Impact of convective storm morphology on mercury wet deposition and
concentration in precipitation

When comparing mercury concentrations in precipitation between different events,
confounding effects of differences in amount of precipitation needs to be taken into
account. Mercury concentrations in rainfall decrease approximately exponentially with20

rainfall amount (Holmes et al., 2010b) due to the washout effect, which is also observed
for other soluble trace gases and aerosols. Numerical model simulations for parameter
combinations c2500s5p50 s, c2500s10p50 s, c2500s5p60 s and c2500s10p60 s also
show nearly exponential decrease of mercury in rainfall (Fig. 6a, b), similar to observa-
tions.25

For a given CAPE (2500 J kg−1), the concentration of mercury in rainfall is sensi-
tive to SHEAR, but the nature of the sensitivity depends upon PW. For lower PW
conditions (50 mm), increase in SHEAR (5 m s−1 to 10 m s−1), leads to an increase
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in mercury concentrations (Fig. 6a) for lower precipitation amounts (<13 mm), but
a reduction at higher precipitation amounts (>13 mm). At higher PW conditions
(60 mm) increase in SHEAR (Fig. 6b) leads to decrease in mercury concentrations
for all the precipitation amounts. To demonstrate that the effect is primarily due to
shear, we isolate SHEAR in sensitivity experiments c2500s10p50 s 0.5SHEAR and5

c2500s10p60 0.5SHEAR, where the shear profiles are uniformly scaled to half the
value are utilized (Fig. 6c, d). Differences in mercury concentration in rainfall between
c2500s10p50 s and c2500s10p50 s 0.5SHEAR experiments (Fig. 6c) are similar to dif-
ferences between experiments c2500s5p50 s and c2500s10p50 s experiments. Thus,
the differences in mercury concentration between c2500s5p50 s and c2500s10p50 s10

experiments are caused primarily due to variation in SHEAR. Similarly, differences in
mercury concentration between c2500s5p60 s and c2500s10p60 s cases are also ex-
plained by the variation of SHEAR (Fig. 6d).

3.4 Vertical distribution of mercury wet deposition removal and mass flux in
thunderstorms15

Spatial (domain) and temporal average (for the time period of the simulation) of ver-
tical profiles of hydrometeor mixing ratio (both ice and water phase), wet deposition
removal of GOM and HgP were computed for the c2500s5p50 s, c2500s10p50 s,
c2500s5p60 s and c2500s10p60 s experiments. Note that the spatial average con-
siders only atmospheric columns where hydrometeors are present. For all the cases20

considered, GOM and HgP scavenging occurs over a deep layer of the atmosphere,
extending from the surface to ∼10 km (Fig. 7). Note that the hail and graupel hydrom-
eteors, which are classified as ice in the figure, carry some liquid water, as well as
ice, and thus scavenge GOM at high altitudes where there is no rain. The scaveng-
ing of both GOM and HgP in the upper regions of the boundary layer and the lower25

tropospheric layer increases with PW.
There are substantial differences in mass flux of hydrometeors (transport of mass

of hydrometeor per unit area per unit time) and mercury (GOM used as an example)
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between c2500s5p50 s, c2500s10p50 s, c2500s5p60 s and c2500s10p60 s experi-
ments (Fig. 8). Both hydrometeor and GOM mass flux increases with PW (Fig. 8a, b).
Scavenging of mercury (Fig. 7) and concentrations in rainfall (Fig. 6a, b) are both sen-
sitive to hydrometeor and GOM mass flux in the 0–4 km layer. Note that GOM mass
flux in downdrafts have magnitudes similar to those in updrafts, but the cloud mass flux5

associated with the downdrafts are substantially less (Fig. 8). This is indicative of trans-
port in clear air regions or along the lateral boundary region of the thunderstorm. In all
the experiments, there is enhanced GOM flux near the tropopause, despite the small
cloud mass flux because the concentration gradients are sharpest at these altitudes
(Fig. 3). While such sharp gradients of oxidized mercury have been observed around10

the tropopause (Lyman and Jaffe, 2012), the large fluxes simulated at these high alti-
tudes have high uncertainty because of the sparse constraints on the gradient in the
initial conditions. Above the tropopause, vertical Hg fluxes diminish quickly because
the strong stratospheric temperature inversion suppresses cloud vertical motions. This
also explains the negligible impact of stratospheric GOM on deposition, seen in the15

MST simulation above (Sect. 3.2).

3.5 Comparison of mercury concentrations in rainfall in the Northeast and
Southeast

Analysis of radiosonde observations (Sect. 3.1) show that differing combinations of
CAPE, SHEAR and PW are prevalent over Southeast sites compared to Northeast20

sites (Fig. 9). Numerical modeling experiments also show that mercury concentration
is higher for SHEAR and PW combinations that are more common in the Southeast
(Sect. 3.3). However there are other degrees of freedom that need to be considered
which could mask or modulate the effects of variability of CAPE, SHEAR and PW.
Therefore an ensemble of simulations, involving thunderstorms simulated for param-25

eter combinations that occur frequently over the Northeast and Southeast sites are
compared (Fig. 9). The mercury concentration and surface wet deposition for these two
different groupings are then plotted as a function of accumulated rainfall (Fig. 9). This
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analysis shows that mercury concentrations and wet deposition are generally higher for
the Southeast sites, even after accounting for the dilution effect of precipitation amount.

3.6 Mercury concentration in rain: comparison between stratiform and
convective events

Uptake of mercury over a deeper layer of the atmosphere is potentially one of5

the factors that contribute to enhanced mercury wet deposition in thunderstorms in
comparison to other types of precipitation systems. Comparison between the strati-
form and thunderstorm simulations c2500s5p50 s, c2500s10p50 s, c2500s5p60 s and
c2500s10p60 s show higher mercury concentration in the latter, even after accounting
for the dilution effect (Fig. 9). In the stratiform experiment, GOM and HgP scavenging10

only occurs below ∼4.5 km altitude (Fig. 10), whereas in thunderstorms substantial
removal occurs up to 10 km (Fig. 7).

4 Discussion

This study shows that meteorological conditions in the Southeast US favor more fre-
quent thunderstorms than in the Northeast and that those conditions favor microphys-15

ical and dynamic structures that enhance wet deposition removal of GOM and HgP.
Sensitivity studies further show that such thunderstorms are sensitive to both GOM
and HgP concentrations in the FT and PBL. Together, these modeling results support
the observational finding of Holmes et al. (2010b) that a large part of the Southeast US
wet deposition enhancement can be explained by the frequency of thunderstorms and20

their greater scavenging. These finding suggest that in regions where deep thunder-
storms are more frequent, global transport and chemistry of atmospheric mercury is an
important factor in determining surface wet deposition of mercury. Thus, thunderstorm
scavenging of GOM and HgP from the free troposphere may be one possible explana-
tion for high wet deposition of mercury measured at unpolluted sites such as Puerto25
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Rico (Shanley et al., 2011) where deep thunderstorm occur frequently in environments
with high PW.

It is also important to consider the following constraints associated with the chosen
experimental design. First, it was chosen to eliminate confounding factors such as large
scale dynamical forcing, chemical transformation etc. Thus this study does not include5

organized, larger scale convective systems such as mesoscale convective systems.
The time scales and circulation patterns associated with such systems are consider-
ably different and their response to changes in environmental conditions such as PW
could therefore be substantially different, and the approach taken in this study has to
be extended to actual events. Second, in numerical simulations the rainfall mercury10

concentration can be determined at all grid points within the domain. Observations of
wet deposition are often taken at few discrete locations and a large sample size would
be required to capture the spatial variability indicated by numerical simulations (Figs. 6
and 9). Oxidation of Hg(0) though photochemistry and aqueous phase reactions are not
considered in this study and will be evaluated in future investigations. Cyclic boundary15

conditions assumed in this study is another limitation since it can reintroduce material
removed though the outflow to the inflow. However, since the simulations considered in
this study are for short timescales and such effects are expected to be minimal.

5 Conclusions

This study utilized idealized numerical model simulations to examine the budget of20

mercury within convective clouds and rainfall as a function of environmental character-
istics that influence formation and evolution of thunderstorms. Simulations were also
conducted to determine the sensitivity of thunderstorms to HgP and GOM concentra-
tion in the PBL and FT. The implications of this analysis to enhanced mercury wet
deposition along the Gulf Coast are considered. Additional simulation of a stratiform25

precipitation event was also conducted and processing of mercury by the event is
compared against thunderstorms. This comparison is used to understand enhanced
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mercury concentration in rainfall from thunderstorms. The major conclusions from the
study are the following.

1. For conditions of uniform concentration of atmospheric GOM and HgP, about 40 %
of mercury deposited from a typical Southeast thunderstorm originates in the
boundary layer. The rest of the mercury in rainfall originates above the boundary5

layer with lower free troposphere layer, upper free troposphere and tropopause-
lower stratosphere layers contributing 35 %, 18 % and 6 %, respectively.

2. Mercury concentration in rainfall from thunderstorms is sensitive to SHEAR, but
the nature of sensitivity is dependent on PW. At lower values of PW, increase
in SHEAR decreases mercury concentration in higher-rain areas and increases10

concentration in low-rain areas. For higher amounts of PW, increase in SHEAR
reduces mercury concentration for all rainfall amounts. Overall, lower SHEAR in-
creases scavenging and deposition of both GOM and HgP. An ensemble of thun-
derstorm simulations, conducted for parameter combinations that occur frequently
over the Northeast and Southeast sites respectively, show that mercury concen-15

tration in rainfall is higher under conditions common in the Southeast.

3. Mercury concentration is higher in rainfall from thunderstorms compared to strat-
iform rainfall. Substantial mercury wet deposition removal occurs up to altitudes
of 8km in thunderstorms, where as it is over the lower 4 km for stratiform sys-
tem considered. Thunderstorms are sensitive to HgP and GOM concentrations in20

both PBL and the FT. Thus in regions where deep thunderstorms occur frequently,
such as the Southeast US and the Gulf Coast, transport of GOM and HgP in the
free troposphere may be an important source of deposited mercury.

The sensitivity analysis conducted in this study is an initial attempt to determine
whether mercury concentration is enhanced in rainfall from thunderstorms compared to25

precipitation from other systems such as stratiform clouds. Detailed analysis of phys-
ical processes that cause differences in cloud scavenging of mercury is beyond the
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scope of this initial work and need to be addressed using modeling of specific events,
in conjunction with observational analysis.
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Table 1. The name and discrete value ranges of CAPE, SHEAR and PW considered in this
study.

Variable CAPE (J kg−1) SHEAR (m s−1) PW (mm)

Category Name c1000 C1500 c2000 c2500 s5 s10 s15 p40 p50 p60

Mean Value 1000 1500 2000 2500 5 10 15 40 50 60
Range ±100 ±100 ±100 ±100 ±2 ±2 ±2 ±2 ±2 ±2
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Table 2. Average and standard deviation of CAPE, SHEAR, and PW over the Eastern United
States during 2001–2011. See Fig. 2 for radiosonde sites used in the analysis.

Location (profiles) CAPE (J kg−1) SHEAR (m s−1) PW (mm)

South (n = 4631) 1324.0±896.5 6.1±3.6 46.8±9.2
North (n = 3770) 813.9±1046.7 13.6±5.3 37.4±8.6
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Table 3. Co-occurrence of specific value ranges of CAPE (c1000, c1500, c2000 and c2500),
SHEAR (s5 and s10) and PW (p40 and p50) at the southern and northern sites for summer
months of 2000–2011. The counts for the northern sites are given in parenthesis.

p50 p60

s5 c1000 – 73 (2)
c1500 – 36 (0)
c2000 – 36 (0)
c2500 – 13 (0)

158 (2)

c1000 – 11 (0)
c1500 – 21 (1)
c2000 – 9 (0)
c2500 – 14 (0)

55 (1)

s10 c1000 – 29 (12)
c1500 – 19 (4)
c2000 – 20 (2)
c2500 – 9 (3)

77 (21)

c1000 – 4 (2)
c1500 – 6 (0)
c2000 – 3 (0)
c2500 – 4 (1)

17 (3)
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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 30 pg m−3 GOM and HgP in the spec-
ified initial altitude range and zero elsewhere. The STD experiment has uniform 30 pg m−3

initial mixing ratios through the entire column. The total mass of mercury in each experiment
is 71.3 ng m−2 (PBL), 98.5 ng m−2 (LFT), 148 ng m−2 (UFT), 162 ng m−2 (TLS), 180.9 ng m−2

(MST), and 661 ng m−2 (STD).

Initial Altitude

Final PBL LFT UFT TLS MST STD
Altitude (0–2 km) (2–5 km) (5–10 km) (10–16 km) (16–23 km) (0–23 km)

16–23 km 0.0 0.0 0.0 5.7 96.2 26.9
10–16 km 0.0 0.0 1.5 88.4 3.1 25.3
5–10 km 0.0 0.7 83.4 2.6 0.0 18.7
2–5 km 1.3 62.8 3.3 0.3 0.0 10.1
0–2 km 47.2 2.2 0.3 0.0 0.0 5.3
Surface deposition and 51.5 34.4 11.5 3.0 0.7 13.7
(deposited mass, pg m−3) (36.7) (33.6) (17.0) (5.6) (1.3) (94.7)
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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 (National Atmo-
spheric Deposition Program, 2010).

3601

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/3575/2013/acpd-13-3575-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/3575/2013/acpd-13-3575-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 3575–3611, 2013

Simulations of
mercury scavenging

and deposition in
thunderstorms

U. S. Nair et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 2. Launch sites for the radiosondes used in the present study. Blue triangles denote the
northern stations located at around 40◦ N, green diamonds denote the southern stations near
30◦ N.
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Fig. 3. Initial GOM profile for the southern sites derived from GEOS-Chem simulations. The
profiles for HgP is same as the GOM profile.
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Fig. 4. Cumulative frequency distribution of (a) 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.
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Fig. 5. Domain averaged perturbation of GOM (a) and HgP (b) at the end of the following
simulations: PBL (blue), LFP (green), UFT (orange), TLS (red) and STD (black) sensitivity
experiments.
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Fig. 6. Mercury concentration as a function of accumulated rainfall for (a) and (c), CAPE in
c2500 and PW in p50; (b) and (d), CAPE in c2500 and PW in p60. For (a) and (b) SHEAR
categories s5 (black) and s10 (red). For (c) and (d) SHEAR categories s10 (red) and divided
by 2 (black).
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Fig. 7. Vertical average profiles of hydrometeors and scavenging in thunderstorms. (a) Frozen
hydrometeors; (b) rain (liquid hydrometeors); (c) net scavenging of GOM; (d) net scavenging of
HgP. Category s5 is in black and s10 in red. CAPE is in c2500 for all simulations. Panels (a–d)
are PW category p50. Panels (e–h) are PW category p60. Note the change of scale between
the top and bottom rows.
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Fig. 8. Cloud mass flux and GOM flux in clouds for SHEAR categories 5 ms−1 (black) and
10 ms−1 (red). Panel (a) is average could mass flux and (b) is GOM mass flux in cloud for
CAPE category c2500 and PW in p50. Panels (c) and (d) are the same as (a) and (b), except
for CAPE in c2500 and PW in p60. Solid lines show updrafts while downdrafts are dashed.
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Fig. 9. Mercury concentration (a) and wet deposition (b) as a function of accumulated rainfall.
The red and black bars show simulations initialized with radiosonde profiles from northern sites
and southern sites, respectively. The northern simulations comprise 7 cases from categories
of low CAPE and PW and higher SHEAR (c1000-1500, s10, and p30–40); the southern simu-
lations comprise 18 cases from 12 highest occurrence categories that have moderate to high
CAPE and PW and lower SHEAR.
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Fig. 10. Mercury concentration in rainfall from a stratiform event (yellow) and thunderstorms
simulations c2500s5p50 s, c2500s10p50 s, c2500s5p60 s and c2500s10p60 s (black). All sim-
ulations are initialized with identical GOM and HgP conditions.
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Fig. 11. Domain averaged vertical distribution of: (a) hydrometeor in water phase; (b) GOM wet
deposition; (c) HgP wet deposition for the stratiform event.
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