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Abstract: An aqueous chemistry module was created and included into a com-
plex 3D cloud-resolving mesoscale advanced regional prediction system (ARPS)
model to examine the characteristics of in-cloud sulfate. The complex oro-
graphy of Serbia was included in the model. The chemical species included in
the module were sulfur dioxide, sulfate ion, ammonium ion, hydrogen peroxide
and ozone. Six water categories are considered: water vapor, cloud water, rain,
cloud ice, snow and hail. Each chemical species in each microphysical category
was represented by a differential equation of mass continuity. This paper gives
a detailed description of the chemistry module and demonstrates the utility of
an atmospheric model coupled with the chemistry module in forecasting the
redistribution of chemical species in all water categories. The main mean mic-
rophysical and chemical conversion rates of sulfate averaged over a 2 h simu-
lation period for a base run were for the oxidation of S(IV) in rain water and
cloud water, SO42 scavenging by Brownian diffusion in cloud droplets and
cloud ice as well as the impact scavenging of SO4% by rain. The calculated va-
lues of sulfates in all water categories and the shape of the sulfate profiles de-
pend on radar reflectivity.

Keywords: oxidation; sulfate transfer; cumulonimbus; microphysics; mass
transfer.

INTRODUCTION

Clouds play an important role in environmental redistribution of chemistry
species. The average global cloud coverage over the oceans is estimated at 65 %
and over land at 52 %,! so it is clear that clouds play the role of a “large factory”
for the aqueous-phase production of chemistry species. The clouds receive trace
gases from their inflow regions, their wind redistributes the gases and the clouds
transform the gases through gas and aqueous-phase chemistry. The most impor-
tant gas that leads to acidification is sulfur dioxide. When clouds are present, the
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loss rate of atmospheric SO is faster than can be explained by gas phase chemis-
try alone. This rate of loss is due to reactions in the liquid water droplets where
acids are produced. Acid rain can have harmful effects on the environment and
on human health through the process of wet deposition.

The first atmospheric models had simple dynamics and microphysics,? but in
time, the models become more complex. Taylor3 used a 1.5-dimensional Eulerian
cumulus cloud model to examine the characteristics of the in-cloud chemistry.
Studies by Tremblay and Leighton* and Niewiadomski® used three-dimensional
cloud chemistry models, but they focused on warm convective clouds only. Sca-
marock et al.® examined tracer transport in 3D simulations, but only on flat
ground. Yin et al.” examined trace gas redistribution using a two-dimensional
cloud model with detailed microphysics and spectral treatment of gas scaveng-
ing. Barth et al.8 examined the redistribution of trace gases during deep convec-
tion. Spiridonov and Curi¢® examined the relative importance of scavenging,
oxidation and ice-phase chemistry in sulfate production in 2D and 3D model
runs. This study takes a step forward by developing a new chemistry module and
coupling it with a very comprehensive 3D mesoscale atmospheric model. The
real orography is included in the model. This paper describes detailed chemistry
parameterization. The aim was to demonstrate the fact that a relatively simple
chemical module coupled with a comprehensive cloud-resolving model with de-
tailed microphysics could be used as a diagnostic and prognostic tool for chemi-
cal species.

EXPERIMENTAL
Description of atmospheric numerical model

A very comprehensive 3D cloud-resolving mesoscale advanced regional prediction
system (ARPS) model developed in the Center for Analysis and Prediction of Storms (CAPS)
at the University of Oklahoma!®!! was used to simulate a Cumulonimbus (Cb) life cycle in
conditions of a real orography.!>!13. This model numerically integrates time-dependent, non-
hydrostatic and fully compressible equations. The model uses the Lin'# bulk-water micro-
physical scheme and represents six water categories: water vapor, cloud water, cloud ice, rain,
snow, hail. Rain, hail and snow are each represented by the Marshall-Palmer distribution.!?
Cloud droplets and non-precipitating cloud ice are supposed to be monodispersing. Turbu-
lence was treated by 1.5 order turbulent kinetic energy formulation. The advection of momen-
tum and scalars were treated with a 4th-order scheme in the horizontal direction and 2™-order
scheme in the vertical direction. Radiating (open) conditions were used for lateral boundaries.
Rigid-wall boundary conditions were applied for the top and on the bottom of the domain. The
large time step was 6 s and the small step (for acoustic waves) was 1 s.

Description of the chemistry module

This section contains the development of the equations that were used to describe the
chemical species incorporated in the cloud model. The chemical module is based on the
sulfate chemistry taken from Rutledge ef al.,'® Taylor,® and Spiridonov and Curié.!” Five
chemical species are carried explicitly into the model: SO,, O3, HyO,, SO4%" and NH," in the
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form of mixing ratios. All chemical reactions included in the module with the appropriate
coefficients are given in Table I.

TABLE I. Equilibrium reactions and rate constants. The equilibrium constants are of the form
k = kyogX exp(—AH,9g/R(1/298-1/T)), where T is the temperature, K!8

Reaction kr9g / mol dm™3 571 (-AH594/R) / K
SOx(2) S SOx(aq) 123 3120
SOy(aq) 5 HSO5" + H* 1.3x10°2 2000
HSO5;™ S SO5% + H' 6.3x108 —1495
04(g) 5 Os(aq) 1.15%10°2 2560
H,0,(2) 5 H,0(aq) 8.33x10% 7379
H,0,(aq) 5 HO," + H* 2.2x10-12 3700
NHs(g) 5 NH;(aq) 92,7 4085
S(IV)+H,0, — S(VI)+H,0 7.5%107 4750

The model was formulated in terms of Continuity equations:

Y Ny FR. =S +CH (1)
EY 4qij ij — iy ij
where g; ; is the mixing ratio of chemical species i in the water category j (e.g., gso,, denotes
the cloud water SO, mixing ratio, gso,; denotes the cloud ice SO, mixing ratio), V - Vg; ;
is the advection of the chemical species 7 in water category j by the wind V = (u, v, w), FR;;
denotes the terminal velocity for hydrometeors, S; ; are the subgrid contribution terms (mixing,
turbulence) and CH,; are the source or sink chemical transformation terms that represent
either the transfer of the chemical species from one microphysical category to another (e.g.,
cloud water sulfate to cloud ice sulfate by riming) or a chemical reaction (e.g., oxidation of
cloud water SO, to cloud water sulfate). Two assumptions were used:3:16

a) over the relatively short time scales that characterize cloud interactions, aqueous phase
chemistry is dominant. Therefore, gas phase chemistry was neglected.

b) Aqueous-phase photochemistry contributes only in the secondary sense to the sca-
venging of sulfur and nitrogen species in clouds, and can therefore be neglected.

The mass transfer between gas and liquid phases

The Henry Law equilibrium does not always exist between water drops and the air.!? In
this study, the Henry Law and a more detailed mass transfer approach that does not assume
gas—liquid equilibrium were used. The rate of mass transport between gas species i and a
group of aqueous drops with radius » and number concentration of N, (per mole of air), can be
written as:20

dM;, 31Dy ;N (V M, 2
dr RTr | P )

where M;, is the molar mixing ratio (with respect to air) of gas species i inside drops with

radius 7; Dg; the diffusivity of gas species i in the air; Ngy; the Sherwood number; p; the

partial pressure of gas species i in the environment; K'yy; the effective Henry Law coefficient

of species i, R* the universal gas constant; T the temperature and # a factor to account for the

free-molecular effect on the mass transfer rate.2! Based on previous studies,!72022 a value of

n = 0.1 was used in the simulations for all the species. The effective Henry Law coefficient,
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K*H,,, for a species i that undergoes aqueous phase dissociation differs from the Henry Law
coefficient Ky ; for a molecule, as it accounts for the ionic forms of the dissolved gas.??

As dissolved gasses do not normally contribute to the drop size, Eq. (2) becomes a linear
first order differential equation that can be solved analytically as:

M; (¢ + A1) = A(t) +[M; (1) — A()]exp(BA?) A3)
where ¢ is the time step for gas dissolution and 4 and B are:
4 - * 3D, iNgh,; 11
A@ty=—nr°N,p;,t)Ky ;; B=—-"5—75—. @)
3 tDi H,i I”ZR TKH’I'

Sulfate chemistry parameterization terms

Sulfur dioxide is the dominant anthropogenic pollutant in air that contains sulfur. Its
presence in the troposphere of the Northern Hemisphere is the result of direct anthropogenic
emissions, i.e., combustion of fossil fuels. SO, is effectively removed from the atmosphere
through processes of dry and moist deposition. However, the dominant mechanism for
removing SO, from the atmosphere is oxidation, either in the gaseous or liquid phase. The
creation of sulfates through the oxidation of SO, is an important process with changing
aerosol radiation effects. A schematic representation of all the chemical and microphysical
processes for SO, and SO,% that are parameterized in the chemical module is presented in
Fig. 1. The left side of Fig. 1 is related to SO, and its transport from air to cloud droplets and
rain drops (calculated using the exact kinetic mass transport approach), as well as its oxidation
in cloud droplets and rain drops by ozone and hydrogen peroxide, whereby sulfate is formed.
The rest of the graph shows microphysical processes that transport sulfate from one water
category to another.

Ammonium source terms

Ammonium is neither created nor destroyed in the chemical reactions modeled here.
Here, it is assumed that the sulfate aerosol is composed of ammonium bisulfate (NH4),SOy.
Therefore, ammonium is treated like sulfate. The terms PS3—-PS8, PS11-PS§25 (calculation
details are given in Supplementary material) represent the source-sink terms for ammonium
(PN1-PN13, PN15-PN22), but the mixing ratios for SO,4% should be replaced by the mixing
ratios for NH4*. The nucleation scavenging efficiency for ammonium is assumed the same as
the nucleation scavenging efficiency for sulfate.

Hydrogen peroxide, ozone and S(IV) source-sink terms

The source-sink terms for HyO, and O3 include an equilibration between gas and aque-
ous phases, kinetic mass transport, reduction due to the oxidation of S(IV) in cloud droplets
and rain, and a set of microphysical transfer and conversions among the different water
categories. As this is a short paper, details of the sources and sinks terms for H,O,, O3 and
S(IV) will not be given herein.

Model initialization

A single summer sounding, providing profiles of temperature, humidity, speed and di-
rection of wind, initializes the use of a complex atmospheric model coupled with the chemis-
try module. The real orography of the Serbian region is used as a very important factor in
cumulonimbus formation. The centre of the domain is at 43.8° N, 20° E. It represents the Za-
padna Morava Valley (mean height above sea level 300 m), and its surrounding environment.
Space resolution in the model is 1000 m in the horizontal and 500 m in the vertical direction.
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The domain size is 112 kmx112 kmx16 km. A two-hour forecast is made. It is assumed that
initial concentrations of the chemical fields fall off exponentially from the given values of
mixing ratios at the lowest model level® for a continental background (CB) and for a polluted
background (PB).
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Fig. 1. Scheme of sulfur dioxide (SO,) and sulfate (SO,2") reactions.

RESULTS AND DISCUSSION

Several numerical experiments were designed to verify the developed me-
thod of using a chemistry module coupled with a 3D atmospheric model. In the
base run (fully kinetic calculation of gas dissolution into cloud droplets and rain
drops, calculation of nucleation and impact scavenging of aerosols, S(IV) oxida-
tion by O3 and H,O5 in cloud and rain water, ice phase simulation, orography in-
cluded), the integrated sulfur mass removed by wet deposition was 22.3 kg for
CB, and 60.0 kg for PB, which is in agreement with the results of Spiridonov and
Curi¢.9 The total mass of NH4* incorporated in the precipitation was 8.03 kg for
PB and 1.55 kg for CB, which is in agreement with the results of Taylor,? i.e.,
10.5 kg for PB and 2.03 kg for CB. If the oxidation was neglected, the integrated
sulfur mass removed by wet deposition was 16.5 (CB) and 32.1 % (PB) of sulfur
mass in the base run. Spiridonov and Curi¢® obtained values of 24.1 (CB) and
25.7 % (PB). This difference arises from the different parameterization of oxide-
tion. The omission of scavenging processes gives 82.9 (CB) and 67.8 % (PB) of
the total sulfur deposited in the base run (64.6 (CB) and 68.8 % (PB) in Spirido-
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nov and Curi¢%). Ignoring the ice phase in the chemistry results in an increase by
a factor of 1.5 in the sulfur mass deposited for CB (149.6 %), which is in accor-
dance with the conclusion of Taylor3 (tests of the ice phase impact on in-cloud
chemistry and deposition indicated that the total sulfur mass deposited was in-
creased by about a factor of two relative to the base run case). According to Mol-
der et al.,2% including ice phase processes in dynamics modeling leads to lower
values of sulfate in the liquid phase when convection is present. Regarding the
meteorological part of the model, there was agreement between the calculated
and observed radar reflectivity.!? These results correspond with the published re-
sults of other authors; thus, the developed model can be considered valid.

The integration (base run) includes mass transport calculations from gas to
liquid phase, oxidation of S(IV) by O3 and HyO,, nucleation and impact scaveng-
ing and ice phase simulation. In the 10th minute of integration, a cloud was
formed. The cloud developed on the mountaintop and then moved along the Za-
padna Morava Valley. The cumulative mass of the sulfate, i.e., the sum of the
mass of sulfate in gas phase, cloud water, rainwater, cloud ice, snow and hail in
every step is shown in Fig. 2. As it is a source for sulfate in other water catego-
ries, the mass of sulfate in the gas phase gradually decreased from the initial va-
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Fig. 2. The cumulative mass of sulfate.
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lues. As cloud water formed during the integration, sulfates appear in cloud water
at the 10th minute and from the 30th minute in rainwater, snow, hail and cloud ice.

The main mean microphysical and chemical conversion rates of sulfate ave-
raged over a 2-h simulation period for the base run were for the oxidation of
S(IV) in rain water and cloud water PS9 = 4.61x10-11, PS9hp = 2.79x10-12, PS2
= 2.89x10-13), SO,* scavenging by Brownian diffusion in cloud droplets and
cloud ice PS4cw = 4.91x10-11 and PS4ci = 7.82x10-12 the impact scavenging of
SO,% by rain PS6 = 2.08x1011, autoconversion of cloud water to form rain,
accretion of cloud water by rain, accretion of cloud water by snow PS11 =
= 4.43x107!2, and the transfer of SO,* from cloud ice to snow as a result of
autoconversion of cloud ice to form snow, the accretion of cloud ice by snow and
the accretion of cloud ice by rain PS25 =1.21x10-12). The calculated radar reflec-
tivity (CRR), which is a good indicator of cloud development, is presented in Fig.
3. The figure shows the horizontal plane on the surface in the 85th minute of inte-
gration. At this moment, the cloud is in a mature stage of development, with three
“separated” cells with a large CRR: point A (59, 73 km), B (70, 85 km) and C
(75, 60 km). The CRR at points A and C was approximately 50 dBz, and at point
B nearly 55 dBz.
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Fig. 3. The radar reflectivity, dBz, in the (x,y) plane on the surface in the 85" minute of
integration. The three cells with maximum reflectivity have the coordinates: A (58, 73 km),
B (70, 85 km) and C (75, 60 km). Point D (75, 75 km) is at periphery of the cloud.
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The vertical profiles of the sulfate following cumulonimbus trajectory could
provide considerable information about sulfate redistribution in the troposphere.
The vertical profiles of SO42~ in all categories of water at points A, B and C are
shown in Figs. 4-6, respectively. The maximum value of gsp,2-,c in the layer of
air above point A was at a height of 5 km and its value was 0.80 ug kg1, gso 2ot
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at the surface was 9.0 ug kg1, gso i at a height of nearly 9 km was 0.35 ug
kg1, gso,2-»s at a height of about 6 km was 0.08 ug kg~!, and gso,2-h at a height
of 5.5 km was 0.26 pg kg~!. The profiles above the other two vorticities (B and
C) could be analyzed similarly. The shapes of the profiles were similar and had
similar values of the sulfate mixing ratios.
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It is interesting to compare the sulfate profiles in areas with different CRRs.
To do this, the sulfate profile at point D (75, 75 km), which is located on the peri-
phery of the cloud and had a CRR of 20 dBz (Fig. 7), is drawn. If this profile is
compared with the previous ones, small differences in the shape of the profiles
could be seen, especially for sulfate in rainwater. Specifically, at point D the
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maximum value of the sulfate-mixing ratio in rainwater was not at the surface but
at a height of 2 km. This is because in this part of the cloud, there was no preci-
pitation at the surface. The most considerable differences existed in the values of
mixing ratios: all sulfate mixing ratios had smaller values at point D, compared to
points A, B and C. This is understandable, given that vortex D has the lowest CRR.

10 -
E 8
~ 6
= —
Lo 4r
=2t qs4 ¢
O 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 10 (x 107
10
£
500
= 4E qsd r
T 2t -—
O 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 (x107%)
10 -
E sl
= 6
.%0 41 )
ool qs4_i
0 1 1 ! ! ! ! 1 1 1 ! ! s
0 2 4 6 8 10 12 14 16 18 20 22 (x107%
10, ——
E 8}
< o
'Jc:‘_‘g 4/ 4
o 26 54_8§
= 0 . 1 1 . 1 q.
0 5 10 15 20 25 30 (x 107"

—_

Height, km
SN OO

gs4_h

0 2 4 5] 8 10 12 14 16 18 20 (x 107
Mixing ratio, pg kg ~!

Fig. 7. The vertical profiles of the SO, mixing ratio, pg kg'!, in different water categories: in
cloud water (g4 c), rain (gsa ), cloud ice (gs4i), SNOW (gs4.5) and hail (gs4 ) at point D (75 km,
75 km) at the cloud periphery.



1284 VUJOVIC and VUCKOVIC

CONCLUSIONS

This paper described in detail the development of a chemistry module that
was incorporated into a very comprehensive, mesoscale cloud-resolving model.
The chemistry module contained five chemical species: SOy, HyO,, O3, SO42~
and NHyt. There were six prognostic continuity equations for mixing ratios of
each chemical species, for each of the water categories. Two different approaches
were used to express the amount of the chemical species in cloud or rainwater:
the Henry Law and a fully kinetic calculation of a gas uptake. After dissolution,
the chemical species were transferred from one water category to another by
microphysical reactions. Oxidation of S(IV) by H>,O; and O3 in cloud droplets
and raindrops were included in the module due to their great importance in
sulfate production processes. The pH values for cloud droplets and raindrops
were calculated in every time step.

After comparing the mass of wet deposited sulfur with the results of other
studies (verification), it was accepted that the model could be used as a good
prognostic tool for determining the redistribution of chemical species. In this
sense, the results showed that there was no loss of total sulfate mass, that the
sulfate values in all water categories depended on the calculated radar reflectivity
and that convective clouds provide a suitable environment for sulfate transport
from the boundary layer to the upper troposphere.

SUPPLEMENTARY MATERIAL

Calculation details for the parameters PS1-PS26 are available electronically from
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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H3BOJ

XEMHJCKHU MOJYJI 3A TPOOUMEH3HMOHHU MOJEJT OBJIAKA:
IMTPEPACIIOIEJIA CYJI®ATA

JOPATAHA BYJOBWH u BJIAJAH BYYKOBHR
Yuusepsutiewti y Beoipagy, @usuuxu ¢axyniteit, Uncmiuityw 3a meitieoponoiujy, Jodpauuna 16, beoipag

IedvHNCaH je XeMUjCKH MOAYJ U YK/byUeH Y KOMIUIEKCHHY TPOAUMEH3UOHU MOJEN 00/1a-
ka ARPS na 0u ce ucnurana peguctpudyudja cyndara y odmaky. Y Mofen je ykbydeHa KOM-
wiekcHa oporpaduja Cpbuje. Y MOIys cy yKby4eHH CyMIIOP-THUOKCHT, CydaTHH jOH, aMOHU-
jyMOB jOH, BOOOHHUK-TIEPOKCHAL U 030H. PasmaTpaHO je LIecT kaTeropyja Boje: BOLEHa Iapa,
obnavHa BOja, KUILIA, 00JIaYHHU Jiefl, CHer U rpaj. CBaxka XeMHjcKka BpPCTa Y CBaKOj KaTETOpPHjU
BOJIE je NpefcTaB/beHa JUEpPEHLIMjalHOM jefHaYMHOM KOHTHHyHWTeTa Mace. OBaj pap maje
IeTabaH ONMMC XeMHjCKor MoAyia. ITokasyje ce ma Mopen obnaka ca YKbyYEHUM XEMHjCKUM
MOJIyJIOM MOJKE Jla IPOTHO3Wpa Macy CyMIlopa JeNOHOBaHOT BIaKHOM IENO3ULIHjOM, Kao U
mpepacrnoneny cyiadara y cBUM kaTeropdjama Boge. [71aBHe MUKPODHU3UUKe U XeMUjcKke Op3u-
He KOHBep3uje cyndarta ocpenweHe Ha 2 h (o je meproa uHTerpauuje) cy oxkcupauuja S(IV)
y 00/1ayHOj M KULIHOj BOOH, UcIupame cyiadaTa bpayHoBckoM gudysujoM y obn1adyHUM Karl-
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JpULIaMa U 00JIauHOM Jielly ¥ HUchHpame cyiadara KUuoM. U3padyHaTe BpenHOCTH cyidara y
CBUM KaTeropvjama Boze ¥ obnuk nmpodwuia cyndara 3aBuce of pagapcke pedaekCHBHOCTH.

SN hA WD

—_ —

24.

25.
26.

= o0 0

(TTpumssero 10. oxTobpa, peBuarpaHo 16. nenemdpa 2011)
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