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Abstract. A high-resolution limited area nonhydrostatic model was used to
simulate sulfate-cloud interactions during the convective activity in a case study
from the Tropical Ocean Global Atmosphere Coupled Ocean Atmosphere Response
Experiment, December 20-25, 1992. The model includes a new detailed sulfate-
cloud microphysics scheme designed to estimate the effects of sulfate on cloud
microphysics and radiative properties and the effects of deep convection on the

transport and redistribution of aerosol. The data for SO, and 8032_) species were
taken from the Pacific Exploratory Mission West B observations during February-
March 1994. Results show that a change in sulfate loading from the minimum
to the maximum observed value scenarios (i.e., from about 0.01 to 1 ug m=3)
causes a significant decrease of the effective radius of cloud droplets (changes up
to 2 um on average) and an increase of the diagnostic number concentration of
cloud droplets (typical changes about 5-20 cm™3). The change in the average net
shortwave (SW) radiation flux above the clouds was estimated to be on average -1.5
W m~2, with significant spatial and temporal variations. The horizontal average
of the changes in the net SW radiation fluxes above clouds has a diurnal cycle,
reaching typical values approximately -3 W m~2. The changes in the average net
longwave radiation flux above the clouds were negligible, but they showed significant
variations, typically between -10 W m~2 and 10 W m~2 near the surface. These
variations were associated mainly with the changes in the distribution of cloud
water, which showed typical relative changes of cloud water path of about 10-20%.
Other notable changes induced by the increase of aerosol were the variations in
air temperature of the order of 1°C. The case study presented here suggests that
characteristics of convective clouds in tropical areas are sensitive to atmospheric
sulfate loading, particularly during enhanced sulfate episodes.

1. Introduction

Sulfate aerosol is produced by oxidation of sulfur
compounds and is regarded as a significant factor in
the climate system, particularly because major anthro-
pogenic perturbations [Penner et al., 1994; Intergov-
ernmental Panel on Climate Change (IPCC), 1995]. It
has been shown that the atmospheric sulfate aerosols
interact with solar radiation and can change the mi-
crophysical properties of clouds. The scatter of solar
radiation back to space or the direct radiative forcing
(DRF) by sulfate aerosols is estimated between -0.3 and
-0.9 W m~2 as a global average [Charlson et al., 1992;
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(iehl and Briegleb, 1993]. Further refinements of DRF
estimates include the effects of carbonaceous particles,
which absorb solar radiation and tend to reduce the
cooling effect of sulfate aerosol. However, recent eval-
uations of the combined effects of sulfate and carbona-
ceous particles suggest a significant average net nega-
tive forcing upon the global atmosphere [Haywood and
Shine, 1995].

In addition to the DRF, sulfate aerosols interact with
clouds, primarily by providing cloud condensation nu-
clei (CCN). An increase of atmospheric sulfate concen-
tration produces an increase in CCN concentration, a
fact well documented by in situ observations [Leaitch
et al., 1992; Leaitch and Isaac, 1994; Quinn et al.,
1993; Hegg et al., 1993; Hegg, 1994; King et al., 1993,
Van Dingenen et al., 1995]. Because the microphysi-
cal processes involved in the activation of “dry” aerosol
to CCN are not fully understood, the current model-
ing studies of aerosol-cloud interactions employ an em-
pirical relationship between sulfate concentration and
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CCN concentration [Boucher and Rodhe, 1994; Boucher
and Lohmann, 1995; IPCC, 1995; Jones and Slingo,
1996]. CCN concentration, in turn, determines the
cloud droplet concentration and influences the size of
droplets. For the same humidity and updraft veloc-
ity conditions, more CCN lead to higher concentra-
tions of droplets with a smaller average size [Twomey,
1974, 1977; 1990; Hobbs, 1993]. As a result, the dis-
tribution of radiative fluxes in the cloudy area and the
cloud albedo might change owing to the presence of sul-
fate aerosol causing an indirect radiative forcing (IRF)
[Slingo, 1989; Boucher and Lohmann, 1995; Jones and
Slingo, 1996; Chaung et al., 1997]. The IRF was esti-
mated by Jones and Slingo [1996] between -0.5 and -1.5
W m~? as a global average, while Boucher and Rodhe
[1994] estimated the same effect between -0.7 and -1.4
W m~2. Using a global model with coupled sulfur and
cloud microphysics, Lohmann and Feichter [1997] found
a global average of IRF of -2.2 Wm ™2, with significant
regional variability. While there are still uncertainties
in the current IRF evaluation, all these studies suggest
that on average the indirect effect of sulfate aerosol is
to enhance the global cloud albedo.

Most of the previous studies of IRF focused on stra-
tocumulus clouds because of their potentially important
role in the climate system on a global basis. The deep
convective clouds were neglected or treated in a simpli-
fied manner in these climate models. For tropical areas
(between 30°S and 30°N), Warren et al. [1986; 1988]
show that the annual-zonal average cloud amounts are
~6% for cumulonimbus clouds, 21% for stratus, stra-
tocumulus clouds, and fog combined, and 14% for cir-
rus, cirrostratus and cirrocumulus clouds combined. A
significant fraction of cirrus clouds in tropical area is
likely to be connected to convective transport of water
into upper troposphere, and this fraction is comparable
with the average coverage of stratiform clouds. In ad-
dition, the solar energy per unit time at the top of the
atmosphere intercepted by the tropical area (between
30°S and 30°N) represents ~60% of the total solar en-
ergy intercepted by icarth. Therefore the importance
of the indirect radiative effects of cumulonimbus and
cirrus cloud systems in tropical areas can be significant
and requires further investigation.

In addition, recent studies indicate that deep con-
vective clouds play a major role in transporting tracers
from the boundary layer (BL) into the upper tropo-
sphere [Chatfield and Crutzen, 1984; Flossmann, 1991;
Wang et al., 1995; Taylor et al., 1997]. The effect of
convective motions on gaseous and particulate species
are transport of species from the BL to higher altitudes
by convective motions (cloud pumping); precipitation
scavenging; heterogeneous chemical reactions occurring
in cloud droplets, sometimes much faster than the reac-
tions in gas phase [Chameides and Davis, 1982; Giorgi
and Chameides, 1986; Langner and Rodhe, 1991; Hegyg
et al., 1984, 1996; Chin et al., 1996; Taylor et al., 1997].
It is conceivable that the transport of sulfur species and
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sulfur conversion in clouds might affect the cloud micro-
physics and the radiative properties of these types of
clouds, which have spatially extensive anvils in which
indirect radiative effects could manifest.

In this study, we use the high-resolution Geophysi-
cal Fluid Dynamics Laboratory (GFDL) limited area
nonhydrostatic (LAN) model to address the problem of
the effect of sulfate upon the cloud microphysics and
the radiative fluxes in tropical convective systems. In
contrast with most of the previous studies that ad-
dressed this problem with general circulation models
in which average conditions and coarse resolution were
used, we formulate simulations with detailed dynam-
ics of convection driven by observations during Tropical
Ocean Global Atmosphere Coupled Ocean Atmosphere
Response Experiment (TOGA COARE) and with sul-
fate chemistry driven by observations during Pacific Ex-
ploratory Mission in the western Pacific Ocean, phase
B (PEM-West B) [Andronache et al., 1998]. The re-
sults reported in this work provide new insights into
the mechanism of sulfate-cloud interactions in tropical
convective systems with implications for the impact of
sulfate loading on the microphysical and radiative prop-
erties of clouds.

2. Method

The LAN model developed at GFDL is a three-
dimensional high-resolution dynamic model designed
for studies of convective clouds and radiative-convective
equilibrium [Lipps and Hemler, 1986; Held et al., 1993;
Haywood et al., 1997; Andronache et al., 1998; Don-
ner et al., 1998]. The model provides a framework for
studies of deep convection and employs physics typi-
cal for a high resolution mesoscale model (for details,
see Held et al. [1993]). The cloud physics scheme in
LAN predicts the water concentration in gas phase,
cloud droplets, snow, and rain. The radiation code
iIs a 56-band two-stream §-Eddington scheme, modi-
fied to include gaseous absorption and a parameteri-
zation for Rayleigh scattering and cloud optical prop-
erties [Ramaswamy and Kiehl, 1985; Slingo, 1989]. A
two-dimensional version of the GFDL LAN model is
used in this study. This version has a spatial resolution
of 2 km in the horizontal and 500 m in the vertical.
The horizontal extension of the domain is 512 km, and
the vertical extension is up to 21 km. The cloud micro-
physics and sulfate schemes, the relationship between
CCN and sulfate, and the initial and boundary condi-
tions are discussed below.

2.1. Cloud Microphysics and Radiation

The model employs bulk cloud physics, with prog-
nostic equations for the mixing ratios of four variables
of interest: water vapor concentration, ¢y, cloud wa-
ter/ice concentration, g, rainwater, ¢,, and ice/snow
concentration, gs. Figure 1 shows the scheme of cloud
microphysics processes included in LAN. For tempera-
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Figure 1. Cloud physics scheme included in the GFDL

LAN model. The processes indicated by arrows corre-
spond to condensation (evaporation) of cloud droplets
(1), deposition (sublimation) of vapor to snow (2), au-
toconversion of cloud droplets into snow (3), accretion
of cloud droplets into snow (4), evaporation (condensa-
tion) of vapors into rain droplets (5), accretion of cloud
droplets into rain drops (6), rainfall (7), snowmelt (8),
and snowfall (9).

tures higher than -6°C, g is assumed to be only cloud
water, and the latent heat of vaporization is released
at condensation. For temperatures less than -12°C,
qc is assumed to be only ice, and the latent heat of
sublimation is released at condensation. At intermedi-
ate temperatures, a mixture of cloud water and ice are
assumed, with the percentage of each varying linearly
with temperature [Lord et al., 1984]. The prognostic
equations for each variable and the assumptions made
in the parameterization of the main physical processes
are described in detail by Held et al. [1993]. The model
was used in previous studies to simulate the convective
activity and the water cycle for the Global Atmosphere
Tropical Experiment (GATE) and TOGA COARE data
and provided good agreement with observations [Lipps
and Hemler, 1986; Haywood et al., 1997; Donner et al.,
1998].

An important parameter needed for the description of
the radiative properties of clouds is the cloud droplet ef-
fective radius, re. This parameter is used along with the
cloud water path (CWP) to define the single-scattering
properties of clouds. For each spectral interval, i, the
optical thickness, 7;, the single-scattering albedo, w;,
and the asymmetry parameter, g;, can be linked to
CWP and re [Slingo, 1989]. The effective radius is given
by
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r3n(r)dr
(1)

re =
r2n(r)dr

o —glo—g

or re=(r3)/(r2), where r is the cloud droplet radius
and n(r) is the droplet size distribution. In this work,
we assume a Khrigian-Mazin size distribution for cloud
droplets and a Marshall-Palmer distribution for the rain
drops [see Pruppacher, 1981].

The parameterization of cloud radiative properties
developed by Slingo [1989] was used successfully in gen-
eral circulation models (GCMs) and other models treat-
ing the effects of cloud microphysics on radiation [Held
et al., 1993; Kiehl and Briegleb, 1993; Jones and Slingo,
1996]. This parameterization is based on a simple re-
lationship between r. and the average cloud droplet

oo

oo
radius, 7= [ rn(r)dr/ [ n(r)dr, deduced from observa-
0 0

tions and theoretical considerations as summarized in
this section. In turn, 7 can be expressed in terms of
water content and concentration of cloud droplets.

To analyze the existence and validity of a relation-
ship between r. and the droplet average radius, 7, we
start from the general expression re=f(7), which is not
restrictive a priori. This relation can be obtained by
expressing re=(r3)/(r?) in terms of 7 and a standard
deviation of r. It can be shown that r2=(7)?(1+d?),
where d=0 /7 is the spectral dispersion of the drop-size
distribution (o is the standard deviation and 7 is the av-
erage radius). The liquid water content g.p, is related

o0
to the size distribution by gcpa= [ pu(4773/3)n(r)dr,
0

where p, is the density of air and p,, is the density of
water. If N4 is the total number concentration of cloud
droplets, then

= 3qcpa
3 _99cPa
" 4mpy Ng (2)

and r. becomes

re = K(d)(—be_)i/3

7mp Ve 3)

where K(d) depends on the spectral dispersion and is
given by K(d)=(143d?)?/3/(1+d®). Thus relation (3)
can be written as r.=K(d)7, which is a general rela-
tionship because nothing was assumed about the form
of the drop-size distribution. The next step is to eval-
uate K and its variability based on observations and
theoretical considerations for different types of clouds
and conditions.

For a Khrigian-Mazin cloud droplet size distribution
[see Pruppacher, 1981], it can be shown that K=1.19.
Pontikis and Hicks [1992) found K~(1-1.1), with the
most frequent values near ~1.05, based on data from
warm trade-wind cumuli. Martin et al. [1994] found
a robust linear relationship re=AK7, with K=1.143 for
continental clouds and K=1.077 for marine clouds, based
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that drizzle does not affect these results, but the relation
between r. and 7 is not linear in conditions of entrain-
ment or precipitation. This situation is expected be-
cause the relation r.=K(d)7 is generally nonlinear and
K(d) depends on 7 and on the variability of drop-size
distribution.

Alterations of the linear relationship between r. and
7 are cz\ycubcd in the presence of emrammem preCip-
itation, and ice particles. In the case of entrainment,
one expects a mixture of size distributions, with differ-
ent histories (from, for example, updraft air and from
downdraft air). The effect of this "mixing of distribu-
tions” is to produce a function A'(d) which might vary
from sample to sample. Blyih and Latham [1991] inves-
tigated ice-free, summertime cumulus clouds affected
by entrainment, and concluded that re=K7 with K=1,
regardless of how much the clouds are diluted and ren-
dered inhomogeneous by entrainment.

In the case of precipitation, the size distribution of
rain drops is characterized by much larger particles
(with #~1 mm). The most widely used rain size dis-
tribution is that of Marshall and Palmer [1948], which
has the form n(D)=Noexp(-AD) with two parameters
No and A. The mean diameter of rain drops is D=1/},

and the standard deviation of the drop diameter is
o=1 /) Thus the ennrfrnl rlncnnrmnn becomes d—9 and

K (d) 1.105 not very dlfferent from the values found by
Pontikis and Hicks [1992] and by Martin et al. [1994]
from their analysis. The experimental difficulty in de-
termining K directly from measurements in rainy clouds
is that K varies in time and space, due to the variabil-
ity of the rain drop distribution. These variations are
restricted mainly between 1 and 1.25 (K has a max-
imum for d=1), and, on average, A'~1.1.- This argu-
ment applies for entrainment also because of the intrin-
sic bounds of K variations, which might explain why
Blyth and Latham [1991] found K'~1 for all conditions.
In the case of ice clouds, the relationship between 7,
" and 7 can still be represented by a re=K(d)7 under the
assumption that r is an equivalent sphere to the ice
crystal, while we note a lack of experimental data, and
the uncertainties in K(d) can be higher than in the case
of liquid droplets. There is a great need for improve-
ment in ice cloud measurements and model parameter-
izations, in order to understand the absolute values of
cloud radiative properties [McFarquhar and Heymsfield,
1997).

In this study, we are concerned with the differences
in model results induced by changes in aerosol sulfate,
and we are less concerned with the absolute values of
cloud optical properties. In these conditions, the use
of relationship r.=KT is justified as long as the errors
in r. caused by the uncertainty in K are smaller than
thé changes in r. induced by aerosol perturbations. De-
noting by (67¢)aerosol the changes in r. due to aerosol
change, and by (ér¢)error, the changes in r. due to un-
certainties in K(d), we have (67¢)aerosoi>(67e)error i

an ~ L. nt racit | Y N~ 4 L. . L= ..
er to have significant results. Note that r.=K7 can

be written as In(re)=In(K)+In(7), and, by differenti-
ating, we have ér./r.= 8§ K/K+67/7, as a measure of
the relative error of re. Since K~1, § K~0.05 (based on
our estimates and on the literature referenced above),
0r~1 pm, 7~10 pm, and re~10 pum (based on Han et
al. [1994]), we estimate that ére/re~0.1 or (67e)error~1
pm. Our model SImulatlons glve (87e)aerosol UP to 2 pm,
aud, on average, \ur e}aerosol"’l pin,
later in section 3.4., and therefore the estimated changes
in 7. caused by the considered aerosol increase can be
significant. As will be shown later in section 3.4., the
changes in cloud water concentration induced by sul-
fate aerosol are mostly in liquid clouds because of the
stronger dependence of cioud dropiets on the aerosol
loading below the cloud base. This dependence becomes

e will Lo
as will be snown

less aig,uiuuaub in altitude due to the ue(,dy with nelgm
and because of collision processes. Thus it seems that
the impact of these aerosols on ice clouds is small for
the changes considered here and further studies need to
include other aerosols able to become ice nuclei under
atmospheric conditions.

Cloud water sulfate qg., T2
T8 T3 T4 Tia |T7
T15
Dry sulfate
dds
TS T12 Té6 T11 T1b
Y y
Snow sulfate | T10| Rain water sulfate

qSS qSl’

‘ T13 ¢ T14

Figure 2. Sulfate-cloud interactions scheme included
in the GFDL LAN model. The processes indicated by
arrows correspond to absorption of gaseous SO into
the cloud and rain droplets (Tla, T1b), aqueous ox-
idation of SO2 into the cloud and rain droplets (T2,
T9), nucleation scavenging (T3), scavenging by Brown-
ian diffusion (T4), dry scavenging (T5, T6), fluxes asso-
ciated with autoconversion and accretion of cloud water
droplets into rain drops and snow flakes (T7, T8), flux
associated with the melt of snow (T10), flux associated
with evaporation of rain drops (T11), flux associated
with sublimation of snow (T12), fluxes associated to
snowfall and rainfall (T13, T14), deposition of H,SO,4
acid on dry sulfate (T15).

T9
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2.2. Sulfate-Cloud Interactions

The sulfate-cloud interaction model used in this work
follows closely the concepts developed by Hegg et al.
[1984] and is illustrated schematically in Figure 2. Five
variables describing mixing ratios are treatéd explicitly
in our model: the concentration of SO, in gas phase,
¢so,; the concentration of “dry sulfate”, or the sul-
fate in aerosol form, before activation and growth as a
cloud droplet, gqs; the sulfate concentration in liquid
cloud droplets and ice crystals, ¢scw; sulfate concentra-
tion in snow, gs; and the concentration of sulfate in
rain droplets, gs:. The absorption of SOz, H20,, and
O3 into the liquid cloud and rain droplets is described
by the Henry’s law, and the aqueous oxidation mech-
anism includes reactions of SO2 with H,O2 and S(IV)
with O3 as a first approximation for the remote ma-
rine atmosphere [see Penkett and Garland, 1974; Mar-
tin and Damschen, 1981; Hegg and Hobbs, 1982; Hegg
et al., 1984; Lin et al., 1992]. Initially, the oxidation
of SO, by Hy0, takes place very efficiently in cloud
droplets. However, HoO» concentration is depleted due
to its high solubility and due to oxidation with SO,
and the aqueous oxidation of SO, by O3 becomes an
important pathway [Seigneur and Sazena, 1988]. Mea-
surements of gaseous H,O3 in tropical Pacific [Hoell et
al., 1997; Talbot et al., 1997] show that typical levels
are in the range ~0.1-1.0 parts per billion by volume
(ppbv), with an average value of 0.8 ppbv for the sub-
set of data used here. Measured values of gaseous O3 in
the same region are in the range 10-100 ppbv with the
most frequent values ~50 ppbv and an average value
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of 38 ppbv for the data used here (Figure 3). In the
runs presented in this work, we maintain a constant Oz
concentration of 38 ppbv during integration and assume
a decay timescale, 7( Ho02)=4 hours, for H,O, due to
the decrease of HoO, by absorption in cloud droplets
and due to reaction with aqueous SO, [Russell et al.,
1994]. In the cloudless regions, H2O, concentration is
relaxed to the average value of 0.8 ppbv determined for
the tropical western Pacific regions, based on the PEM-
West B data.

The nucleation scavenging of dry aerosol by cloud
droplets is the main process of depleting aerosol and
its incorporation into cloud droplets by the process of
activation. This process is effective for CCN under con-
ditions of supersaturation. The process is dependent
on aerosol size, chemical properties of the surface, sol-
ubility, and ambient relative humidity, and is generally
difficult to include as an explicit mechanism in current
models. However, experiments show that the fraction
of the total sulfate aerosol mass concentration that is
included in cloud droplets during the nucleation scav-
enging is ~0.7-0.9 [Hobbs, 1993], and we use a fixed
value of 0.8 in the runs presented here.

The removal of SO, and SOf-) by precipitation is
described using the fluxes of water in the form of g
and ¢.. Fluxes of sulfur between various forms of wa-
ter are calculated in the same manner. For instance,
if F(g.—q.) is the flux of water from cloud droplets
into rain droplets, then the flux of sulfur from cloud
droplets into rain droplets is given by F(gscw—gsr)=
F(gc—qr)Xgsew/qc. The module described here allows

3000
i (©)
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1500 H202 (ppbv)
(d)
1000 ]
500
0
0 50 100 150
O3(ppbv)

Figure 3. Histograms of (a) SOz (ppbv), (b) SO4(~) (ug m=3), (c) H,0; (ppbv), and (d) O3
(ppbv) in western Pacific as deduced from PEM-West B.
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the estimation of the total sulfate concentration in a
convective field, based on initial conditions of SO; and
aerosol sulfate, SOf,z—), concentrations. This module
is used to evaluate the effects of convection on sulfur
species, as well as to provide the distribution of dry
sulfate concentration at the cloud base required for the
CCN-sulfate relationship as described in section 2.3.

2.3. CCN-Sulfate Relationship

There is considerable experimental evidence that the
CCN concentration increases with the sulfate concen-
tration [Leastch et al., 1992; Quinn et al., 1993; Leaitch
and Isaac, 1994; Hegg et al., 1993, 1994; Boucher and
Rodhe, 1994; Van Dingenen et al., 1995]. The phys-
ical causes of this relationship are the following: (1)
An increase of SO4(27) concentration is associated with
emissions of SO2 and condensation nuclei (CN), both
from natural and anthropogenic sources; SO, is also an
efficient source of SO4(27) by creating new CN espe-
cially in the free troposphere (FT); some of these new
particles grow and become CCN. (2) An increase of SO,
concentration produces more sulfate by oxidation, and
this sulfate accumulates on preexisting aerosol increas-
ing their size. This enables more CN to become CCN
(Pandis et al., 1994; Hobbs, 1993; Hegg et al., 1996].

" A common relationship between the cloud droplet
concentration, N4, and the sulfate concentration in
liquid drops, gsew in units of pug m~3, has the form
log1o(Nd)=a+bxlogio(¢gscw), where a and b are empir-
ical constants that can be determined from measure-
ments [see e.g., Van Dingenen, 1995]). Such nonlinear
relationship has a square of the Pearson-r correlation
coefficient ~0.5-0.7 and was used extensively for the
estimations of the indirect effects of sulfate aerosols
with GCMs [Boucher and Lohmann, 1995]. However,
as pointed out by Chuang and Penner [1995], the char-
acteristics of the cloud droplet size distribution near
the cloud base are dependent on the aerosol properties
below the cloud base and on the local updraft veloci-
ties. Following their approach, we use the dry sulfate
concentration, qq4s, predicted by the model and assume
a lognormal size distribution with parameters D=0.1
pm and geometric standard deviation 04=2.0 to de-
rive the total number concentration of aerosol at the
cloud base N, [Kiehl and Briegleb, 1993]. The con-
centration of cloud droplets at the cloud base can be
expressed as a function of updraft velocity, w, and the
total number concentration of aerosol, N,, in the form
Ng=wN./(wNa+cN,), where ¢ is a scaling parame-
ter designed such that the predicted N4 matches the
simulated values from a microphysical model [see Ghan
et al., 1993; Chuang and Penner, 1995; Chuang et al.,
1997). After the formation of cloud droplets, the growth
by collection tends to reduce their number concentra-
tion. The gravitational collection (due to differences
in the terminal velocities) dominates over the brownian
collection for the typical drop sizes in natural clouds,
and the decrease of N4 in time can be approximated by
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2.55 x 105qc4/3t
N4(0)1/3

where N 4(0) is the cloud droplet concentration at cloud
base (in cm™3), ¢, is the liquid water content (in g
cm™3), and ¢ is time in seconds. Since during the up-
draft, dz=wxdt, the relation given above can be used
to diagnose the vertical distribution of the total num-
ber concentration of cloud droplets [see Pruppacher and

Klett, 1978).

Na(t) = Na(0)[1 - (4)

2.4. Initial and Boundary Conditions

The model was integrated to simulate a 6-day TOGA
COARE case, from December 20-25. 1992, in a domain
centered at (2°S, 156°E), with a time step of 2 s. The
choice of this case is based on well-defined intense con-
vective activity in the area of interest [Lin and Johnson,
1996; Short et al., 1997; Moncrieff el al., 1997; Godfrey
et al., 1998]. The LAN model is a cloud resolving model
with governing equations that include large-scale forc-
ing terms. These large-scale forcing terms are approxi-
mately uniform over the model domain, which is small
compared to the large-scale disturbances. The model
was initialized with large-scale area average profiles of
observed temperature, water mixing ratio, and horizon-
tal velocity components. The initial sounding from De-
cember 20, 1992, t=0 hour UT, is shown in Figure 4.
Figure 4 shows the potential temperature (solid line),
6, and the equivalent potential temperature of a hypo-
thetically saturated atmosphere which has the thermal
structure of the actual atmosphere (crosses) .* [Holton,
1979]. The derivative 96.*/Jz provides a rapid indica-
tion of the conditional stability of a saturated air parcel.
In the case from Figure 4a, for z < 3 km, 86,*/9z < 0,
and the air is conditionally unstable. The wind profiles
indicate westerlies near the surface and easterlies in the
mid troposphere and upper troposphere and predomi-
nant southward flow (Figure 4b).

The large-scale forcing terms are defined as functions
of height and time and are based on observations over
the intensive flux array (IFA) region, which extends
about 500 km [Webster and Lukas, 1992]. The large-
scale forcing treatment in this study follows the one
described by Moncrieff et al. [1997] and includes the
large-scale advective tendencies of potential tempera-
ture, (80/8t)L.s, water mixing ratio, (8§/dt)L.s, and
the horizontal momentum, (dv/dt); 5. The large-scale
advective tendencies for potential temperature, 8, and
water mixing ratio, ¢, are

o8 8

(E)L.s = -9Vl — U)E (5)
0q . _0q

(F)Ls = —9Vg— w3l (6)

available at 6-hour intervals. These values are interpo-
lated in height to the model’s grid and in time to obtain
values at each time step. The large-scale forcing term
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Figure 4. Initial vertical sounding from TOGA
COARE, December 20, t=0 hour UT from 2°S-156°E,
used to initialize the cloud resolving model: (a) poten-
tial temperature (solid line) and equivalent potential
temperature (crosses) and (b) zonal wind component U
(solid line) and meridional wind component V (crosses).

in the horizontal momentum equation is given by

V — Vobs (7)
where v is the predicted large-scale horizontal velocity,
Vobs is the observed large scale velocity, and 7 is an ad-
justment time (7=7200 s) [Moncrieff et al., 1997; Wu
et al., 1998]. By using this procedure, the predicted
horizontal wind does not depart too much from obser-
vations.

The lower boundary of the model is an ocean sur-
face, and its properties are specified by surface pressure
and sea surface temperature (SST). The observed val-
ues at 6-hour intervals are interpolated to obtain values
at each time step. Periodic lateral boundary conditions
were applied for all dynamic variables, and a sponge-
type condition was applied at the top of the model do-
main to attenuate the gravity waves induced by con-
vection. The convection is initiated by applying small
random perturbations in the potential temperature in
the boundary layer (BL). This procedure was applied
successfully by Haywood et al. [1997] and Donner et al.
[1998], producing realistic physical fields for a convec-
tive system in a tropical area. Once the convective cells
are formed, their evolution is controlled by the internal
dynamics of the model and by the large-scale forcing.

Measuremr.ents of SO, and 50(42_) are not available
during the TOGA COARE experiment. Vertical pro-

(%‘%)L.s =-

T
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files of SO2 and SO(42_) from the PEM-West B, based
on the observations during DC-8 aircraft flights over the
tropical regions of the western Pacific durimg February-
March 1994, were used to initialize the variables of the
sulfate module [Hoell et al., 1997; Talbot et al., 1997].
This choice is based on the assumption that the emis-
sions and distributions of sulfur species measured dur-
ing PEM-West B are representative over the area of
interest.

3. Results and Discussion
3.1. Sulfur in Tropical Pacific Atmosphere

Recent measurements and modeling studies indicate
that sulfur species in the western Pacific atmosphere
originate from sea salts, dymethylsulfide (DMS), vol-
canic emissions, and anthropogenic sources [Chin and
Jacob, 1996; Thornton et al., 1997a, b; Xiao et al.,
1997). The Pacific Exploratory Missions West (PEM-
West) of NASA, during September-October 1991 (phase
A) and February-March 1994 (phase B), provided the
opportunity to measure sulfur species such as SOg,
DMS, and SO(2-) as well as tracers and chemical
species that could be used to characterize and identify
various sources of sulfur [ Thornton et al., 1997a, b; Tal-
bot et al., 1997]. On the basis of the analysis of these
data, it was found that the SO, concentration is im-
pacted by (1) DMS oxidation in the BL, as well as in the
free and upper troposphere, (2) long-range transport
from continental sources (biogenic and anthropogenic),
and (3) volcanic emissions in the western Pacific regions
[Xiao et al., 1997; Thornton et al.. 1997a, b].

During the phase A of PEM-West (September-October -
1991), the SO, was found strongly perturbed by the
Mount Pinatubo eruption (June 1991). In contrast,
during the phase B of PEM-West (February-March
1994), the effects of Pinatubo were much smaller, and
the continental outflow from Asia was favored by the in-
tense winter eastward circulation. In this sense, PEM-
West B illustrates better the impact of Asian continent
outflow on the western Pacific, as documented by trac-
ers such as lead-210, and C,H,/CO ratios [Thornton
et al., 1997b]. While the impact of the outflow on the
Pacific atmosphere was the strongest at midlatitudes,
because of the rapid passage of cold fronts during the
winter, episodic increases in SO, and SO4(?~) were also
documented for the tropical western Pacific. A compi-
lation of the data taken during flights from the tropical
area from PEM-West B are given in Figure 3 as his-
tograms of the number of cases of SO, and S04(27) for
various concentration intervals (shown in logarithmic
scale). Most of the samples are from FT and upper tro-
posphere, where the SO, concentration is well below 0.1
ppbv. In BL flights SO, was found ~0.1-1.0 ppbv and
occasionally higher. S04(2-) concentrations are also
small in the upper troposphere (less than ~0.1 ug m~3),
but there are many cases in which it exceeds 1 uyg m=3
in the BL. The vertical distribution of SOz and SO4(~)
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Figure 5. Vertical profiles of SO; and S04(2-) con-
centrations in tropical western Pacific as deduced from
- PEM-West B and used to initialize the model.

concentrations observed during PEM-West B are used
to generate initial and boundary conditions for the sul-
fur distribution used in this study. The minimum values
of SO, and SO4(27) concentrations measured are typi-
cal for a clean remote atmosphere and are used in run
1, while the maximum concentrations are more typical
for significant perturbations (most likely anthropogenic
and volcanic) and are used in run 2. These values were
fitted exponentially and the resulting curves are given
in Figure 5, resulting in two scenarios of low- and high-
atmospheric sulfur loading. The use of these profiles
in our calculations enable us to assess the effect of an
increase of SO and SO4(27) on the tropical Pacific con-
vective cloud systems.

3.2. Convective Activity in the Tropical Pacific

The western Pacific warm pool, a domain delimited
roughly by 10°S-10°N and 140°E date line, is the region
with the warmest SST in the open ocean and the largest
annual rainfall and latent heat release in the atmosphere
[Webster and Lukas, 1992]. Tropical convective systems
in this area play an important role in the global redistri-
bution of heat, moisture and momentum. The TOGA
COARE experiment was designed to study the role of
the western Pacific warm pool in the mean and transient
state of the tropical ocean-atmosphere system. Analy-
sis of the satellite and meteorological data indicate that
the TOGA COARE area experiences several specific
phenomena that affect cloudiness and rainfall: (1) an
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annual cycle, (2) an intraseasonal oscillation (ISO), or
the Madden-Julian Oscillation, with a 40-60 day pe-
riod, and (3) occasional westerly wind bursts. For de-
tails of the experiment design, characteristics of the at-
mospheric circulation and precipitation measurements
during the intense observation period (IOP) see Webster
and Lukas [1992], Lin and Johnson [1996], and Short
et al. [1997].

The case used in the present study is based on the
measurements taken during December 20-25, 1992, which
was characterized by convective events. These events
were associated with a major ISO and the passage of
a major supercluster, strong westerly winds at the sur-
face, and easterly winds aloft. An example of convec-
tive activity is illustrated in Figure 6, which shows an
instantaneous spatial distribution of model simulated
liquid and ice cloud water concentration, rain water
concentration, and total cloud water (including liquid,
ice, snow and rain) at =12 hours UT of December 20,
1992, in a domain centered at 2°S-156°E, corresponding
to a snapshot of model results after 12 simulated hours.
Figure 6a shows the presence of two convective towers,
with ¢. reaching values of ~0.5 g kg~! in the core as
well as in the upper troposphere, where large anvils are
present. Observations indicated the presence of exten-
sive optically thick anvil clouds and nonprecipitating
high cirrus [Lin and Johnson, 1996]. Figure 6b shows
typical spatial distribution of rain, with intense ¢.~0.5
g kg~! over few kilometers, separated by domains of
lower rain or no precipitation. Figure 6¢ indicates that
the maximum of total condensed water in the two con-
vective towers reaches ~1 g kg~!, between 2 and 8 km
altitude. This configuration corresponds to an aver-
age unstable equivalent potential temperature (Figure
7a), westerlies in the lower troposphere and easterlies
in the rest of troposphere, and mostly southward mo-
tions (Figure 7b), large-scale cooling in the FT, and
large-scale horizontal convergence of specific humidity
(Figure 7c).

The case of IOP studied here produced an example
of the quasi 2-day oscillation clearly observed in the
radar time series [Short et al., 1997], as well as in the
vertical profiles. Figure 8 represents the time evolution
of the model-simulated horizontal average of the cloud
water concentration (liquid and ice) (plot starts at t=0
hours UT, December 20, 1992), rain water concentra-
tion, and total cloud condensed water. Figure 8a shows
intense average convective activity during the 6-day pe-
riod, with three intervals of lower q. concentrations in
the time intervals 36-60 hours, 72-96 hours, and 132-
144 hours. The rain patterns (Figure 8b) and the total
condensed water concentration (Figure 8c), confirm this
time distribution, supported by the observations of the
quasi 2-day oscillation caused by the large-scale forcing
[Lin and Johnson, 1996; Moncrieff et al., 1997]. The
large-scale conditions were dominated by westerlies in
the lower troposphere and easterlies in the free and up-
per troposphere (Figure 9a), southward motions in the
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free troposphere, intense northward motions around 14
km (Figure 9b), and relative humidity (with respect
to liquid water) favorable for cloud formation (Figure
9c). Figure 10 compares the rates of rainfall as ob-
served [Short et al., 1997] and estimated by our model.
While discrepancies exist, our model captures the main
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Figure 6. Instantaneous spatial distribution of model simulated (a) liquid and ice water con-
centration, g, (b) rain water concentration, ¢, and (c) total cloud water (including liquid, ice,
snow, and rain), at t=12 hours UT of December 20, 1992, in a domain centered at 2°S-156°E.
(The snapshot corresponds to the model results after 12 simulated hours.)
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features of the precipitation pattern and is in good qual-
itative agreement with observations.

3.3. Effect of Convection on Sulfur

Convective transport is very effective in transporting
sulfur species in the troposphere [Chatfield and Crutzen,
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Figure 7. Vertical sounding from TOGA COARE,
December 20, t=12 hours UT from 2°S-156°E, corre-
sponding to the example given in Figure 6: (a) po-
tential temperature (solid line) and equivalent poten-
tial temperature (crosses), (b) zonal wind component U
(solid line) and meridional wind component V (crosses),
and (c) large-scale tendency of potential temperature
(K hour™!) (solid line) and the large-scale tendency of
specific humidity (g kg~ hour™!) (crosses).

1984; Flossmann, 1991; Wang and Chang, 1993; Wang
et al., 1995; Taylor et al., 1997, Kreidenweis et al.,
1997). The average profiles of SO, and SO4(*~) con-
centrations are used to initialize the model in order to
illustrate the effect of convective transport on the re-
distribution of these species. The presence of clouds
has a dramatic impact on sulfur species not only by di-
rect transport but also because of effective scavenging
of S04(27) particles during the nucleation process and
rapid in-cloud oxidation of SO in cloud droplets.
Figure 11 shows an example of instantaneous spa-
tial distribution of concentrations of SO, in gas phase,
SO04(37) in particulate phase, and as total sulfate in

Nar~ara b

------------- at t=12 hours UT, December 20, 1992

ayucous pua.bc, al L—14 llUulB U y
as simulated with our model, using conditions from the
“clean” scenario described as run 1 in Figure 5. Figure
11a shows that SO, concentration decays with altitude
and has levels of ~20 parts per trillion by volume (pptv)
in upper troposphere and considerable depletion in the
region of high-liquid content, between about 3 and 6 km.
In this layer, SO, is converted to aqueous SO4(2'). In
contrast to the Sug Luuutuuauuu the ou4(
lates are very efficiently scavenged by clouds, becoming
negligible above about 6 km altitude in updrafts, and
above the BL in downdrafts (Figure 11b). This de-
cay of particulate SO4(?=) concentration is caused by
the nucleation scavenging, which converts it to aqueous
suifate. Figure 1ic shows the distribution of aqueous
S04(27) concentration with maximum values above 100

lls l\s

Figures 12a, 12b, and 12c show examples of hori-
zontal averaged vertlcal profiles of SO, in gas phase,
SO4(27) in particulate phase, and as total sulfate in
aqueous phase with the standard deviations for Decem-
ber 20, =12 hours UT. In the case of SO;, the av-
erage concentration at the surface is ~100 pptv and
drops to ~10-20% of this value in the FT and upper
troposphere. The concentration of SO4(>~) in particu-
late phase has a value of ~200 ng kg~! near the sur-

d ubber trono
face and decays to about 10% in FT and upper tropo-

) particu-

-1 lll bll(‘: cores Ul LUIIVCLLIVC iowers.

sphere. Over the same height range, the concentration
of aqueous SO4(27) increases in the layer 2-4 km, where
the highest concentration of liquid cloud water is found.
The behavior described here for the SO; and SO4(2-)
concentrations is quite similar with results described by
Wang and Crutzen [1995] based on simulations of a se-
vere storm.

3.4. Effect of Sulfate on Convective Clouds

To estimate the effect of sulfate on the convective
clouds as simulated with the LAN model, we choose
to compare two runs that correspond to the minimum
(run 1) and maximum (run 2) observed values of SO,
and SO4(27) concentrations during PEM-West B in the
tropical area (see Figure 5). The minimum sulfate is
more typical for a clean, remote atmospheric region,
while the maximum sulfate case is more typical for pol-
luted scenarios [Thornton et al., 1997b; Talbot et al.,
1997]. Previous work suggested that a change in sul-
fate aerosol loading can produce noticeable changes in
cloud microphysics. In situ measurements reported by
Pruppacher [1981] and recent retrieval of cloud parti-
cle radii from satellite data available from the Interna-
tional Satellite Cloud Climatology Project show that
cloud droplet radii in continental clouds are smaller
than those in marine clouds [Han et al., 1994] Since

re~(gc/N4)'/3, it is possible that a change in sulfate
loading increases N4 and reduces re, an aspect that is
explored in section 3.4.1.

3.4.1. Effects of sulfate on microphysics. The
effects of suifate on the effective radius and number con-
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Figure 8. Time evolution of the horizontal average of (a) cloud water concentration (liquid and
ice), (b) rain water concentration, and (c) total condensed cloud water for the interval December

20-25, 1992.

centration of cloud droplets are illustrated in Figure 13.
For Figure 13 we used average parameters from time in-
tervals with negligible rain (¢ <0.1 g kg~!) during the
6-day period. Figure 13a shows the histogram of r. for
run 2 indicating sizes roughly between 2 and 20 pm,
with most frequent sizes between 5 and 10 ym, an av-
erage of 9.6 um, and a standard deviation of 4.6 ym.

The changes in r. between the two runs are shown in
Figure 13b. There is an increase up to 2 ym in r, when
the aerosol is decreased from run 2 to run 1. The aver-
age change is 0.9 pm, and the standard deviation is 0.5
pm. Qualitatively, this compares well with the results
reported by Han et al. [1994] based on the satellite
data, where they found r.~3-30 um, with an average of
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Figure 9. Time evolution of the horizontal average of (a) zonal wind U (shaded areas indi-
cate westerlies), (b) meridional wind V (shaded areas indicate northward flow), and (c) relative
humidity with respect to liquid water, for the interval December 20-25, 1992.

~10 pm. For instance, they found that cloud droplets
in continental water clouds are ~2-3 pym smaller than
in marine clouds. Considering that run 1 is typical for
a clean marine scenario and run 2 is somehow impacted
by sulfate transport, typical for continentally influenced
conditions, the comparison indicates good agreement
between available observations and our simulations. We

note that both in our model and the results given by
Han et al. the effect of ice particles is not included.
We assumed here only spherical droplets which freeze
and are lifted by convection in the upper troposphere,
where they eventually persist in anvils or cirrus clouds.
We found that for the changes in aerosol at cloud base
between run 1 and run 2 there is very little impact on
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Figure 10. Simulated and observed rainfall rates. Ob-

servations are based on the work by Short et al. [1997].

the r. and N4 in the upper troposphere due to rapid
decay with altitude of N4 perturbations.

Figure 13c shows the histogram of N4 for the case
of run 2, indicating number cloud concentrations ~20-
100 cm ™3, with most frequent values less than 50 cm—3
an average of 47 cm~3, and a standard deviation of
21 cm~3. The changes in N4 between run 1 and run
2 are between 0 and ~40 cm™3, with most frequent
changes below ~15 cm™3 (Figure 13d). The average
change was found equal with 16 cm~2 with a standard
deviation of 12 cm™3. Observations reported by Dong
et al. [1997) indicate values of Nq~ 150 cm™3 in marine
clouds (in the Azores), a value close to our estimate for
high sulfate. The relationship between CCN and N4
was pointed out by other previous experimental work
[Hobbs, 1993], and it is reasonable to assume that a
change in sulfate loading, as shown in the distribution
of sulfate at cloud base, can produce variations in CCN,
N4, and r.. More dramatic changes were shown by Ack-
erman et al. [1995], who documented changes in cloud
re and N4 induced by ship tracks. They found changes
in r of ~4 pum and changes in N4 of ~80 cm™3 be-
tween ambient clouds and clouds affected by ship emis-
sions. Our results show significantly smaller changes
due to the less intense aerosol perturbation assumed
here. Thus the increase of sulfate has the potential to
alter the number concentration of CCN able to grow
as cloud droplets, and the effect on N4 and r. is quite
significant for the tropical convective clouds and is in
reasonable agreement with the available observations.
Such changes in cloud parameters have an impact on
the radiative-flux distribution and particularly on the
shortwave radiative flux above the cloudy domain.

3.4.2. Effects of sulfate on radiative fluxes.
Fluxes of shortwave (SW) and longwave (LW) radia-
tion are calculated for each grid point. Each flux has
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an upward (up) and a downward (dn) component. We
define SWyet=SWan-SWyp, the net SW radiation flux,
and LW et =LW4,-LW,p, the net LW radiation flux. To
obtain a more robust characterization for the entire con-
vective domain, we produce horizontal averages of these
fluxes. Changes in radiative fluxes caused by sulfate can
be estimated by calculating differences between the case
with maximum (run 2) and minimum (run 1) sulfate
concentrations.

The SW radiative flux is dependent upon cloud par-
ticle size and CWP in the radiative code used in our
model. Thus it appears that changes induced by aerosols
in both CWP and particle size can be responsible for
the variations of SW above clouds. The impacts of
cloud droplet size and CWP on the SW flux can be
illustrated by considering the dependence of the cloud
optical depth, 7, on CWP and r,, for a given spectral
interval [Slingo, 1989]

(8)

where a and b are constants for a given spectral inter-
val and their typical values are a ~1072 m?g~! and
b ~1 pm m?g~!. The relation (4) can be written as
In(7)=In(CWP)+In(a+b/r.), which by differentiation
and considering r.~10 pm gives the relative changes
in 7 as a function of relative changes in CWP and r,

= CWP(a + ;’b—)

§r _ 6(CWP) ér.
r  CWP Te

Time variations of §(SWpet)=SWet (run 2)-SWpet(run
1), at 20 km altitude and horizontally averaged, are
shown in Figure 14a. We note that an increase of
aerosol from minimum to maximum observed values in
the PEM-West B produces a decrease of SWe above
clouds as much as -3 W m~2 and a time average of
8(SWhet) of -1.5 W m~2 over the daylight intervals and
astandard deviation of 1.4 W m~2. This effect is caused
by the increase of the optical depth due to changes in
CWP and the average effective radius of cloud droplets.
Time variations of domain-averaged relative changes in
effective radius, ér,/r, for the column average of r,, and
6(CWP)/CWP are shown in Figures 14b and 14c. The
relative change of the effective radius is mainly between
-10 and -30%, with a time and vertical average of -18.0%
(Figures 14b). Because ér./r.<0 when aerosol loading
increases, the effect of this term is to increase the op-
tical depth and cloud reflectivity. In contrast, the rela-
tive variations of CWP can be of both signs, and these
changes are roughly between -30 and 30% (with typi-
cal absolute values <10%) (Figures 14c). We note that
0re/re correlates positively with §(CWP)/CWP (Fig-
ure 15a), and the smallest values of §(CWP)/CWP are
about -30% while ér. /r. values are -30 to -40%. There-
fore, for the case simulated here, 67/7> 0, leading to
a negative change in SWy. above clouds during the
day in most cases. This can be further illustrated by

the scatterplot of 6(SWhpet) versus 6(CWP)/CWP in

(9)
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Figure 11. Example of instantaneous space distribution of (a) SOz concentration, (b) particulate
sulfate, and (c) cloud water sulfate concentration at t=12 hours UT, December 20, 1992.

Figure 15b. This plot shows that more SW radiation
is reflected by clouds in instances with higher CWP
that are connected with thicker clouds or an increase
of g.. While correlations shown here are not strong,
they suggest that both the cloud particle size and CWP
variations induced by aerosols are controlling the local
changes of the SW radiation flux above clouds.

Figure 16a shows the time variation of the hori-
zontal average of 6(LWpet)=LWpet(run2)-LWpe;(runl)
near the surface for the 6 simulated days. We note
variations of §(LWhyet), with values as much as 10 W
m~2 or higher in absolute magnitude, but with a time
average of only 0.5 W m~2 (and a large temporal vari-

ability indicated by the standard deviation of 5.4 W
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Figure 12. Simulated horizontal average of (a) SO,
concentration, (b) particulate sulfate, and (c) cloud wa-
ter sulfate concentration, for December 20, 1992, t=12
hours UT. The average profile (filled circles), average
plus one standard deviation (open squares), and average
minus one standard deviation (open circles) are shown.
The initial profiles for SO, and dry sulfate are shown
for comparison (gray squares).

m~2), suggesting that over longer time periods the time
average of 6(LWpe ) is negligible. The vertical distribu-
tion of §(LWye¢) in the integration domain was found to
exhibit variations as high as those close to the surface,
but, above clouds, the changes are negligible. We inves-
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tigated whether these changes in §(LW ;) are somehow
connected with changes in air temperature and in CWP.
The changes in §(LW ,e;) are accompanied by changes
in the air temperature field, but we found no signifi-
cant correlation between the two fields. The changes in
air temperature near the surface, caused by the aerosol
difference, are generally between -1°C and 1°C (sig-
nificantly smaller than the variations observed during
TOGA COARE, where near the surface, the air tem-
perature had observed variations of ~5°C), and they do
not appear to correlate with (LW, ) over all the inte-
gration time interval. However, such changes in temper-
ature might become significant in instances of polluted
scenarios, since we found that they tend to increase if
the sulfate concentration is enhanced.

We turn now to search for a possible link between the
changes in (LW pe;) near the surface and the variations
in cloud water distribution caused by aerosol increase.
Owing to changes in the radiative fields, there is a feed-
back on the model dynamics that produces changes in
variables that in turn affect the LW flux. This is il-
lustrated by Figure 16b, which gives a scatterplot of
the surface §(LWpe) with §(CWP)/CWP and shows a
slight positive correlation, indicating that an increase
in CWP tends to increase the §(LWpet) near the sur-
face. This can be further illustrated in Figure 17, which
shows changes in the g. when the aerosol is increased
from the minimum to the maximum observed values
during PEM-West B experiment (similar changes were
found in other cloud variables). We note that these
changes are typically of the order of 0.01 g kg™?, gen-
erally much smaller than the typical absolute values of
qc for example, which is of the order of 0.1to 1 g kg~!
(shown by the solid lines in Figure 17), and there are no
large changes in the regions of upper troposphere where
the ice clouds dominate.

Thus it appears that for realistic variations of sul-
fate concentration, consistent with the observed values
during PEM-West B over the tropical region simulated
here, the net time average changes in temperature and
CWP are negligible in comparison with the “natural
variations” of these parameters, as observed during the
TOGA COARE experiment. In the view of the sim-
ulations and results presented here, the main effect of
realistic sulfate increase in tropical convective domains
in the TOGA COARE region is a slight increase of SW
cloud albedo. These model results provide the spatially
and temporally detailed variations of these changes, as
well as an indication that they are linked to variations
in cloud microphysical parameters and cloud water dis-
tribution in the convective system.

4. Conclusions

A two-dimensional version of the GFDL LAN model
with an explicit sulfate-cloud microphysics scheme was
applied to a TOGA COARE case of tropical convec-
tive event. The model was forced by observed sound-
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Figure 15. Scatterplot of (a) the relative change of the
effective radius, ér./re, and the relative change of the
CWP, and (b) the change of the net shortwave radiative
flux, 6(SWhnet)/SWhe, above clouds (:= 20 km) versus
the relative change of the CWP for the time interval
December 20-25, 1992. Values are horizontal averages.

ings during December 20-25, 1992, a 6-day case study.
The predicted cloud variables and sulfate concentra-
tions are used to estimate the impact of sulfate on ra-
diative fluxes. The main findings are as follows.

1. The presence of convective clouds has a signifi-
cant impact on the spatial and temporal distribution
of sulfur species such as SO; and SO4(2~). Thus SO,
concentration tends to be significant in the upper tropo-
sphere due to convective pumping but with significant
reduction in the free troposphere layer where the con-
centration of liquid water content in cloud droplets is

maximum (between 2 and 6 km). SO concentration in-

free troposphere can be ~10-20% of the average value
at the surface. The SO4(27) particulate phase is de-
pleted dramatically by nucleation scavenging, and the
concentration above the BL caa be as low as 10% of the
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value near the surface. The calculations indicate that
S04(27) in aqueous phase is the highest in convective
towers in the layer 2-4 km.

2. When changing from a minimum to a maximum
observed sulfate scenario in the tropical western Pa-
cific area, the model indicates significant decrease of
the effective radius of cloud droplet (up to ~2 pm),
an increase in cloud droplet concentration (up to about
40 droplets per cm?®), and an increase of the sulfate in
cloud water up to ~1 ug kg~!. The sulfate distribution
in the cloud field resembles the shapes of the cumulus
clouds, with enhanced concentrations in updrafts and
considerably decreased values in downdrafts.

3. The effect of sulfate increase between the two sce-
narios produces an average increase of the reflection of

(a) Change in the net LW flux
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Figure 16. (a) Time evolution of the calculated hori-
zontal average of the change in the net longwave radia-
tive flux, 6(LWyet )=LWpet(run 2)-LWpei(run 1), at the
surface, for the time interval December 20-25, 1992. (b)
Scatterplot of the 8§(LWhnet)=LWhpe¢(run 2)-LWye(run
1) at the surface versus the relative change in CWP,
for the time interval December 20-25, 1992. Values are
horizontal averages.
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Figure 17. Time evolution of the calculated horizontal average of the changes in g, when the
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SW radiation above the clouds. Time-horizontal aver-
ages of the differences between run 2 and run 1 of the
net SW flux above clouds were estimated to be -1.5 W
m~2 for daylight time intervals, with significant spatial
and temporal variations. The horizontal average of the
difference between run 2 and run 1 of the net SW flux
above clouds reaches values typically about -3.0 W m~2
during the daylight. The difference between run 2 and
run 1 of the net LW radiation flux near the Earth’s sur-
face has noticeable variations but the time-horizontal
average is insignificant. The changes in the net LW flux
between the two runs are accompanied by changes in air
temperature (with magnitude of ~1°C) and by typical
variations in the CWP of ~10-20%.

Our model enables us to explore the increase in vari-
ability of radiative fluxes at smaller scales and points
out significant structure in the SW and LW flux changes
in the cloudy domain induced by the aerosol increase.
Such simulations are part of an effort to use high-
resolution convective-cloud models with detailed cloud
microphysics, aerosol, and chemistry to assess the role
of convective clouds in the climate system. However,
we must keep in mind that the results presented here
are from a case study, and different scenarios, sensitiv-
ity studies, and validation with observations must be
considered in order to assess the importance of convec-
tive clouds on the radiative changes caused by current
or future aerosol increases and to incorporate these pa-
rameterizations in large-scale models.
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