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The current ECHANVGRANTOUR model is coupled
in only one direcfio~ ECHAM is used as a meteorological
driver for GRANTOUR. This has the advantage of
allovdng us to run ECHAM once to generate the
meteorological data and then developing
parameterizations for GRANTOUR with a constant set of
meteorology. It has the disadvantage of not allowing
feedback of the aerosols on the evolution of the weather
and climate system.

We generated one year of meteorological data from
ECHAM at T21 resolution. Four hour averages of the 13
variables in Table 1 were saved and constitute the
meteorological data set all are three-dimensional
variables defined on the ECHAM grid. GRANTOUR
interpolates the variables to a constant sigma vertical
coordinat~ both models use the same horizontal grid.
Vertical velocity is derived from U and V using the
continuity equation. The parameterizations of large-scale
scavenging and of convective mixing and scavenging are
actually performed on the ECHAM vettical grid with trace
species mixing ratios interpolated from the GRANTOUR
grid (Molenkamp, et al, 1996).

3. SULFUR CHEMISTRY PARAMETERIZATION

Surface emission of natural dimethyl sulfide
(DMS), primatity over the oceans, and anthropogenic
injection of S02, pnmstily from fossil fuel and biomass
combustion and smelters, are the primary sources of
sulfur in the atmosphere. The principal removal
mechanisms are dry deposition and precipitation
scavenging. The interactions between these sulfur

Table 1. ECHAM Variables Passed to GRANTOUR

Name Variable Units

u
v
T

9“

ql

Pa

Pm

Mu

Md

q,

P,

Fe

Zonal Velocitjr

Meridional Velocii

Air Temperature

Water Vapor Mixing Ratio

Liquid Water Mixing Ratio
Large-Scale Cloud

Large-Scale Precipitation Rate

Convective Precipitation
Production Rate

Convective Mass Flux Up

Convective Mass flux Down

Liquid Water Miiing Ratio
Convective Cfoud

Half-Level Pressure

Large-Scale Cloud Fraction

krn/hr

K

crn/hr

kg/m2/s

kg/m2/s

Pa

K- Vertical Diffusion Coefficient m2/s

sources, chemical transformations, and removal
processes are what we are trying to represent with
GRANTOUR.

The new sulfate aerosol chemistty parameterization
for GRANTOUR is based on the old version and on the
models of Feichter, et al., (1996), Benkovitz, et eL,
(1994), and Chin, eta/., (1996). The model includes three
types of chemical species, gas phase species with
complete time-variability, gas phase species whose
concentrations are determined primarily by atmospheric
reactions that are independent of sutfate chemistry, and
soluble species present in cloud droplets. The model is
represented schematically in Figure 1.

The following species are assumed to have time-
variable concentrations

DMS, S02, H2SOd, H202.

Gas phase compounds with specified constant
concentrations over each model time step are

OH, H02, 0,, NOS.

Concentrations for these species were taken from an
earlier GRANTOUR simulation of photochemically
active compounds (Penner, et a/., 1994a). The soluble
species that are incfuded in the aqueous phase
chemistry are:

S02(aq), Hz02(aq), O~(aq), H2S04(aq).

The folfowing gas phase reactions are included:

DMS + OH + S02 + ... (1)

DMS + NOa + S02 + ... (2)

S02 + OH -+ HzSO, + ... (3)

HOZ + H02 + ~Oz + Oz (4)

HOZ + H02 + HZO + H202 + 02 + H20 (5)

~02+hv+OH+OH (6)

H202 + OH + HZO + H02 (7)

Wtihin cloudy regions of the atmosphere, the following
aqueous phase reactions produce sulfate

S02(aq) + H202(aq) + H#04(aq) (8)

SOz(aq) + O~(aq) + HZO + H2S04(aq) + 02 (9)

Wtiin the aloud droplets the partitioning of soluble
species is given by aqueous phase equilibria baaed on
Henry’s Law
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1. INTRODUCTION

While the role of greenhouse gases in global
warming has been a research topic for many years,
appreciation of the importance of atmospheric aerosols in
climate change is more recent. In its 1984 report, the
intergovernmental Panel on Climate Change (IPCC) lists
aerosols as one of the most important anthropogenic
agents that tend to decrease temperature (IPCC, 1994).
However, the magnitude and distribution of aerosol
effects on climate, particularly the indirect effect of
aerosols on clouds, are still very uncertain (IPCC, 1994
Penner et d., 1994b; Schwartz, 1996).

Volatile sulfur compounds are the most important
aerosol precursors because so much of the sulfate
aerosol mass is in submicron partides that are the most
efficient scatterers of solar radiation (Penner, et al.,
1996).Sulfate aerosols affect global climate directly by
scattering solar radiation and indirectly by rnodiing the
cloud drop size distribution when the sulfate partides act
as cloud condensation nudei (CCN). An increase in CCN
is postulated to increase the cloud droplet number
concentration and decrease cloud droplet size. These
cloud droplet changes increase cloud afbedo (Twomey,
1971; Twomey, et al., 1984) and can inhibn development
of precipitation, thereby enhancing cloud fifetime and
increasing planetary albedo (Albrecht, 1989). =Imates
of the global direct and indirect anthropogenic effects of
sulfate aerosols on climate are given in IPCC (1994,
1995), Charfson, et al. (1992),Jones, et al (1994), and
Chuang, et al. (1996).

While the negative climate forcing of sulfate aerosols
tends to counteract the warming assodkited with
increased greenhouse gases, the pattern of forcing is
quite dtierent because the dtibution of sulfate aerosols
is regionally inhomogeneous (Jones, et 4., 1994
Chuang, et al., 1996). In order to provide better estimates
of the effects of aerosols on climate and clouds, we must
first understand the processes that produce sulfate
aerosols in the atmosphere. From this understanding we
can improve estimates of global aerosol concentrations
and thereby refine our estimates of climate change.

In this paper we will briefly describe our coupled
ECHAM/GRANTOUR model, provide a detailed
description of our atmospheric chemistry
parameterizations, and discuss a couple of numerical
experiments in which we explore the influence of
assumed pH and rate of mixing between cloudy and clear
air on aqueous sulfate formation and concentration.

2. COUPLED ECHAM/GRANTOUR MODEL

We have used our tropospheric chemistry and
transport model, GRANTOUR, (Walton, et al., 1988)to
estimate the life cycle and global distributions of many
trace species. We have simulated the global transpotl
and deposition of ‘Rn and 2’OPb(Dignon, et al., 1996),
the complex photochemistry of OS and OH (Atherton,
1994 Athetton, et al., 1995; Penner, et al., 1994a),
organic nitrates (Atherton, 1989), anthropogenic aerosols
(Taylor and Penner, 1994), smoke (Ghan, et al., 1988),
soot aerosols from biomass burning (Penner, et al.,
1991 b), black cation (Penner, et 4., 1993), the global
nitrogen budget (Atherton, et aL, 1991;Penner, et al.,
1991 a) and the global sulfur cycle (Erickson, et al., 1991).
All these simulations used CCM1 to provide global flow
fields and meteorological data.

Recently we have coupled GRANTOUR with the
ECHAM global climate model (Deutsches
Klimarechenzentrum, 1993) which provides several
enhanced capabWies in the representation of aerosol
interactions. Besides a better representation of global
climate, ECHAM includes vertical mass fluxes, cloud
water mixing ratios, and precipitation production and
evaporation rates for convective clouds for large-scale
clouds it provides cloud fraction, cloud water mixing ratio,
and precipitation rate. The specific representation of liquid
water mixing ratio facilitates an improved representation
of aqueous phase gas-to-particle conversion of sulfur
dioxide to sulfate. The large-scale cloud fractions and
precipitation rates pennit an improved parameterization of
precipitation scavenging by stratiform clouds, and the
convective mass fluxes and precipitation rates allow for
an improved representation of m.wing and scavenging by
convective clouds (Molenkamp, et trL, 1996).

,
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H,02 ++ H20,(aq) (lo)

03 -SD O~(aq). (11)

E=&.ex,[-*[+ -&)] (12,

where E is the Henry’s Law constant, T is the
temperature, and K& and -zM-UR are the Henry’s Law
coefficients. Because S02 dissociates into bsulfte and
suifiie ions in the aqueous phase

S02 e S02(aq) (13)
SOz(aq) + HSO: + H+ (14)

HSO~- e SO~& (15)

the effective Henry’s Law constant, Eemis given by

(16)

where E13, E14,and E15are the indwidual coefficients for
reactions 13, 14, and 15, and [H+] is the hydrogen ion
concentration in the droplet. Since we are not calculating
the concentrations of all the ions that affect droplet pH,
we assume a value for cloud droplets, normally 4.5. The
Henry’s Law coefficients as given by Feichter, et d.,
(1996) and Pandis and Seinfeld (1989) are shown in
Table 2.

Table 2 Henry’s Law Coefficients

& [Mel 1-’ atm-’] -AHIR

S02 1.23 3020

HSO~ 1.23x1 (Y2 1960

S03* 6.61X104 1500

No, 7.45X104 6620

0. 1.Ixl 02 2300

Reaction rates, ~, in cm3/moleculels are as follows

(1)DMS + OH + S02 + ... (Hynes, et a/., 1986)

-.-.} sources n ReectantSpecies
---> Dry Deposition
------> Wet Dmodkm o COmtantspecies

— —I

I I
I t w v v + *

Figure 1. New Sulfate Chemisty Model for ECHAM
coupled version of GRANTOUR.

(2) DMS + NO, + SO, + ... (Atkinson, et al., 1992)

()
/$ = 1.9x10-’3 exp S2Q

r
(18)

(3) SO, + OH + H$04 (Atkinson, et al., 1992)

/g_ & J’‘[’+’)IT-—
4’1+—

(19)

where ~ = 4.0x10<’(V300)+S [Nz] cm3 molecule-’ s-’,
IL= 2X1U’2 cm3 molecule-’ s-’, and Fc = 0.45.

(4) HO, + HO, + ~0, + 0, (DeMore, et d., 1992)

()~ = 2.3xl 0-’3 .exp ~

()

1000
(20)

+ 1.7x10-S-x&. exp —
T

where X,r is the air density in molecules/cm3.

.

()T- exp ~
()

7230

()

7810
+ 8.46xl 0-’0. exp — +2.68x1 0-’0. exp —

~=
T T (17)

1.O4X1O”. T+ 88.1. exp(~)



(5) HO, + HO, + H20 + H202 + 02 + H20 (DeMore, et
al., 1992)

()~ = 3.22x10-*.exp ~

[)

3200
(21)

+ 2.38 xl O-M.X&. exp —
T

(6) H,O, + h v + OH + OH (Wuebbles, et aL, 1987)

J6 = 7X1 O-6 See-’ (22)

(7) H202 + OH + H20 + HO, (Atkinson, et a/., 1992)

()
~ = 2.9x10-’2 .exp ~ (23)

(8) S02(aq) + H202(aq) + H,SO, (Maftin and Damschen,
1981)

where /$, = 5.2x10S 1 mole-’ s-’, /$,/& = 0.10 mole 2-’,
K,, = 0.016, K*= 10-7.

(9) S02(aq) + O,(aq) + H20 + H,SO, + 02 (Maahs,
1963)

(25)

where &l = 4.39x10’’ +Mp(4l3l/7) @/mole/s, and
& = 2.56X1 O%3XP(-99W) s“’.

If we let ~ and S& represent the source rates of
DMS and S02, El, E2 ancfE3 the equilibrium fractions of
aqueous S02, HZOZ,and OS respectively, and let 6 be an
indkator of clouds, the diierential equations are:

GRANTOUR uses a time-splitting procedur~ the
chemistry step is performed on the parcels by integrating
equation (26) separately for clear and cloudy regions.
Only gas-phase reactions (&O) are needed in clear
regions, but both gas-phase and aqueous reactions are
required in the cloudy areas (6=1). At the end of the
chemishy time-step, clear and cloudy region
concentrations of reacting species are combined based
on the cloud fraction producing new ~mel
concentrations.

4. PRELIMINARY RESULTS

Calculations with GRANTOUR using the new
chemistry parameterization as described in Section 3 are
currently in progress. A sample of the global dstnbutions
of SOZ, H2S04, DMS, and HZOZin the lower troposphere
(-900 rnb) averaged over the month of July are shown in
Figure 2. These distributions are from a preliminary
version of the new chemistry module that does not
include all the reactions and processes described in the
previous section. Nevertheless these d~tributions are
illustrative of the general configuration of these species.
The prescribed distributions of OH, OS, and HOZ are
given in Figure 3.

5. CLOUD MIXING EXP~RIMENT

Since the time between meteorological data sets is
4 hours, we normally integrate the separate clear and
cloudy chemistry equations for 4 hours and then combine
concentrations. However, the fast reaction between H20a
or S02 can depfete one of these species during thii
period and restricted sulfate production. If there were
significant injection and mixing of clear air, which is
undepieted in hydrogen peroxide and sulfur dioxide, into
the clouds during a time step, there could be a significant
underestimate sulfate conversion. In order to investigate
this possibility we compare global simulation results using
a 1 hour mixing periods to our standard 4 hour
procedure, allowing us to investigate the effects of mixing
time on sulfate distributions.

6. pH DEPENDENCE EXPERIMENT

Both the solubitii of S02 (Eq. 16) and the aqueous
rate of reaction between S02 and H202 (Eq. 24) are

* = & - ~[OH][DMS] - ~NOJIDMS]
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ofoser to the CO, equilibrium value of 5.6 (Hobbs, 1995).
To investigafefhe aens~i of auifate produsfion to cloud
droplet pH, we will sompsre sulfate concentrations from
GRANTOUR nms wfth specified pHs of 3.5,4.5, and 5.5.
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