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Three-dimensional simulation of stratospheric
background aerosol: First results of a multiannual
general circulation model simulation

Claudia Timmreck
Max-Planck-Institut fiir Meteorologie, Hamburg, Germany

Abstract. A sulfuric acid aerosol model has been implemented in the global general
circulation model ECHAM4. This model treats the formation, the development,
and the transport of stratospheric sulfuric acid aerosol. The aerosol size distribution
and the sulfuric acid mass fraction are calculated as a function of the H,SO4/H20
concentration, temperature, and air pressure in a size range between 0.001 ym
and 2.58 pm. Binary homogeneous nucleation of HSO4/H20, condensation
and evaporation of HySO4 and H2O, Brownian coagulation and gravitational
sedimentation are included. The microphysical model for stratospheric sulfate
aerosol and a stratospheric sulfur chemistry are combined with a representation
of the tropospheric sulfur chemistry. This tropospheric scheme accounts for the
natural and anthrogogenic emissions, chemistry, and dry and wet deposition of
DMS, SO3, and SO3~. Globally and seasonally different SO2— and SO3~ sources for
stratospheric aerosol can therefore be taken into account. Results of a multiannual
simulation show that the simulated SO2 and H2SO4 concentrations are generally
in good agreement with available observations. The formation of new particles
through homogeneous nucleation takes place in the tropical lower stratosphere and
upper troposphere and in polar spring. The aerosol surface area density and the
aerosol mass concentration reproduce lower stratospheric background conditions
quite well. Effective radius and aerosol mixing ratio agree also with satellite and in

situ measurements at Northern Hemisphere midlatitudes.

1. Introduction

Stratospheric aerosol has various effects on the global
climate system. It changes the chemical composition
of the stratosphere because of heterogeneous reactions
[Hofmann and Solomon, 1989], provides condensation
nuclei for the formation of polar stratospheric clouds
and cirrus, and disturbs the radiative balance of the at-
mosphere in changing the albedo [Lacis et al., 1992].
These different atmospheric mechanisms are especially
strong when the aerosol background layer is perturbed
in response to strong volcanic eruptions or possibly in
the future to high—speed civil transport aircraft. After
the eruption of Mount Pinatubo (15.1°N, 120.4°E) in
June 1991 a temperature increase in the lower strato-
sphere of ~ 2-3 K [Labitzke and McCormick, 1992)
and a cooling of the global lower troposphere and the
Earth’s surface of ~ 0.5 K were detected [Dutton and
Christy, 1992]. Furthermore, in 1992 and 1993 unusu-
ally strong ozone depletion due to chemical and dynam-
ical processes was observed [Grant et al., 1994; Her-
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man and Larko, 1994; Randel et al, 1995]. Strato-
spheric aerosol consists mainly of supercooled hydrated
H,S0, particles with a sulfuric acid mass fraction in the
range of 50-80%. The particles form a persistent aerosol
layer (Junge layer), which extends from the tropopause
up to 30 km altitude. Height and maximum of the
layer are seasonally and latitudinally dependent [Yue
and Deepak, 1984]. The stratospheric aerosol particles
are either directly formed in the stratosphere because
of homogeneous nucleation or transported through the
tropopause. In order to better understand the role of
stratospheric aerosol in the atmospheric system several
aerosol models were developed. At the end of the seven-
ties, [Turco et al., [1979] and [Turco et al., [1979] devel-
oped a one-dimensional (1-D) model, which was later
refined by Toon et al. [1988] and Zhao et al. [1995].
Recently, Karcher [1998] developed a coupled micro-
physical-chemical-dynamical box trajectory model for
aircraft-generated liquid aerosols, which could also be
applied to liquid H,SO4/HNO;/H;0 aerosols. In the
last years several studies with two—dimensional (2-D)
chemistry transport models including sulfate aerosol
microphysics were published in the literature. The-
ses studies focus on the impact of either aircraft emis-
sions [Bekki and Pyle, 1992, 1993; Pitari et al., 1993;
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Weisenstein et al., 1996, 1998] or volcanic eruptions
[Tie et al, 1994; Bekki and Pyle, 1994; Weisenstein
et al., 1997] on the stratospheric aerosol distribution.
These models could represent stratospheric back ground
aerosol quite successfully. However, a model compari-
son between four different 2-D chemical transport mod-
els [Weisenstein et al., 1998], which include sulfate
aerosol microphysics, reveals differences in the simu-
lated stratospheric aerosol background concentration.
These differences seem to be mainly caused by trans-
port processes [ Weisenstein et al., 1998]. Global trans-
port directly affects the stratospheric aerosol distribu-
tion. Measurements and theoretical considerations with
a 1-D model [Brock et al., 1995, Hamill et al., 1997
suggest that new particles are formed in the upper
troposphere and then reach the stratosphere with as-
cending air. Prominent processes that lift lower tro-
pospheric aerosols and aerosol precursor gases to the
tropopause region are deep convective clouds in the
tropics and warm conveyor belts (WCBs) in extrat-
ropical frontal systems. Both processes are small-scale
events which are either not (WCBs) or only crudely
(zonal mean) (deep convective clouds) resolved in 2-
D models. Recently, Pitari and Mancini [2001] and
Pitari et al. [2001] found with a three-dimensional
(3-D) chemical-transport model study and an explicit
treatment of aerosol dynamics that 43% of the strato-
spheric sulfate originates from carbonyl sulfide (COS)
photolysis, 30% from upward transported sulfate and
27% from the oxidation of SO2, which is transported
into the stratosphere through the tropical tropopause.
Transport seems to play an important role in the strato-
spheric aerosol budget. Thus, in order to better un-
derstand the formation and the development of strato-
spheric aerosol, 3-D model simulations with a much
more realistic description of convective and advective
transport processes are necessary. Here we will present
the stratospheric aerosol model (SAM), which has been
developed for application in the Hamburg climate model
ECHAM4. ECHAMA4 is a spectral general circulation
model (GCM), with a radiation scheme which takes into
account the effects of some aerosol components. This
offers the possibility of investigating the various interac-
tions between radiation, circulation, and chemistry and
aerosol microphysics. Hence the role of stratospheric
aerosol in the global climate system can be studied.
Furthermore, the global calculation of aerosol dynamics
provides a necessary model basis to interpret and inter-
polate observational aerosol data that are irregularly
distributed in time and space. This is especially im-
portant in the view of upcoming satellites, e.g., ESSP3-
CENA. In this paper, we will introduce the first ver-
sion of the 3-D stratospheric aerosol model SAM and
present results of a multiannual background simulation.
The main focus of this paper lies in the comparison of
simulated aerosol properties with different observations
from the stratospheric background periods 1978/1979

and 1989 - 1991. We will discuss the model results and
outline further improvements.

2. Model Description

The global stratospheric aerosol model SAM con-
sists of two parts, a microphysical stratospheric aerosol
model [Timmreck and Graf, 2000} and an atmospheric
sulfur chemistry scheme, which are both implemented
in the Hamburg climate model ECHAM4 [Roeckner
et al., 1996]. Using a sigma-hybrid coordinate system,
the ECHAM4 model is divided into 19 layers from the
Earth’s surface to the pressure level of 10 hPa. The
ECHAM4 model itself is based on primitive equations
with vorticity, divergence, (logarithm of) surface pres-
sure, temperature, water vapor, and cloud (liquid and
ice) water content as prognostic variables. In our model
simulations, ECHAM4 is integrated with a spectral tri-
angular truncation at wave number 30 (T30 resolu-
tion). Physical processes and nonlinear terms are cal-
culated on a Gaussian longitude-latitude grid with a
nominal resolution of 3.75° x 3.75°. In the model a
semi Lagrangian transport scheme [Williamson and
Rasch, 1989] is applied for the tracer transport. A
semi-implicit leapfrog time integration is used with a
time step of 30 min for both the dynamics and the
physics, while the radiation and diabatic heating rates
are calculated every 2 hours. Previous studies with the
ECHAM model [Steil et al., 1998] showed that the cou-
pled model satisfactorily describes important features
of the lower stratosphere chemistry and dynamics, al-
though the meridional poleward transport in the lower
stratosphere is overestimated [Timmreck et al., 1999].

2.1. Sulfur Chemistry Scheme

For ECHAM a tropospheric sulfur scheme has been
developed by Feichter et al. [1996] which simulates the
oxidation pathways of sulfur dioxide (SO2) and the re-
moval processes of SO, and sulfate (SO37) in the tro-
posphere. This sulfur scheme includes transport, emis-
sion, chemistry, and wet and dry deposition of dimethyl
sulfide (DMS), SO2, and SO;~. The sulfate aerosol is
described with a bulk approach with no additional in-
formation about its size distribution. In the gas phase,
SO, and DMS react with OH whereby the only end
product of DMS oxidation is assumed to be SO;. SO,
is then dissolved in cloud water and oxidized by both
hydrogen peroxide (HyO5) and ozone (O3). The disso-
lution and the dissociation coefficients of SO; in cloud
water are calculated according to Henry’s law. The dry
deposition of SO, and SOi_ is parameterized according
to Ganzeveld et al. [1998] as a function of the concen-
tration in the lowest model layer and of a prescribed
dry deposition velocity. For SO, the deposition ve-
locity is assumed to be 0.2 cm s~! over land, 0.1 cm
s~ over snow and sea ice, and 0.8 cm s~! over water
and wetted surfaces. For sulfate aerosols the values are
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Table 1. Sulfur Emission

Species  Source Reference Mt 5/a
Natural DMS marine biosphere Bates et al. [1987] 18.1
DMS terrestrial biosphere  Spiro et al. [1992) 0.9
SO, silent degassing and  Spiro et al. [1992] 8.0

eruptive volcanoes Graf et al. [1997)
Anthropogenic 502 Dbiomass burning Hao et al. [1990] 2.5
SO, fossil fuel use and Benkovitz et al. [1994] 66.8

industry

Sum 96.3

0.025 cm s~! for land, snow, and sea ice and 0.2 cm
s~ for wetted surfaces (H. Feichter, personal commu-
nication, 1998). The uptake of soluble sulfur species
in cloud droplets (in-cloud scavenging), is calculated
in terms of the model’s precipitation formation rate
[Giorgi and Chameides, 1986]. The wet removal of SO
and SO~ below clouds (below-cloud scavenging) is pa-
rameterized according to Berge [1993]. Anthropogenic
and volcanic emissions are released as SO, and bio-
genic emissions are released as DMS. Table 1 provides
an overview of the emission scenario. For a detailed
description of the model, see Feichter et al. [1996]. In
their work, Feichter et al. [1996] showed that the an-
nual mean surface concentration of SO; and SO3~ as
well as the SOi— concentration in precipitation agree
with the observed annual values within a factor of 2.
The global distribution of sulfate in the troposphere re-
flects the source strength of the anthropogenic emis-
sions with maxima over east Asia, central Europe, and
the North American east coast. In the Southern Hemi-
sphere the influence of biomass burning can be detected,
but the sulfate distribution of the Southern Hemisphere
is dominated primarily by biogenic sources. In order to
describe the formation and evolution of stratospheric
aerosols a stratospheric sulfur chemistry scheme is re-
quired on the top of the tropospheric scheme. Timmreck
and Graf [2000] parameterized the stratospheric sulfur
chemistry in a very simple way. Now a more sophis-
ticated approach is applied for the global simulation.
The reactions that are considered are summarized in

Table 2. Monthly mean oxidant concentrations are pre-
scribed from ECHAM calculations with a comprehen-
sive chemical model [Roelofs and Lelieveld, 1995] ex-
cept OH which is taken from a 12 year ECHAMS3 feed-
back run with homogeneous and heterogeneous chem-
istry [Steil et al., 1998]. For the COS concentration and
the photolysis rate we use monthly mean fields from a
2-D simulation [Groop et al., 1998].

2.2. Microphysical Stratospheric Aerosol
Model

A stratospheric aerosol model has been included in
the ECHAM model [Timmreck, 1997]. This model
treats the formation and the development of strato-
spheric sulfuric acid aerosol as a function of the sul-
furic acid vapor and water vapor concentration, tem-
perature, and pressure. The aerosol size distribution
is separated into discrete size bins with a bin width
which is determined by mass doubling [Kritz, 1975].
The original version used by Timmreck and Graf [2000]
treats 44 aerosol size bins ranging from 3 x 10~*um to
6.2 um. In ECHAM a less expensive version is imple-
mented with 35 bins covering the 1x10~3um to 2.58 ym
range. Timmreck [1997] showed that the differences be-
tween the two model simulations are relatively small.
The microphysical processes, which are included in the
model, are the following: binary homogeneous nucle-
ation of H,SO4/H,0, condensation and evaporation of
H;SO4 and H20, Brownian coagulation, and gravita-
tional sedimentation. The formation of new particles

Table 2. Stratospheric Sulfur Chemistry

Photolytic Reaction A [nmj

S0, = SO +0 A< 220

COS 2% CO +§ X < 260

Gas Phase Reaction Reaction rate [cm ™3 s7]
S+0:—S0O0+0 Rs1 = 23107

SO0+ 0; — S0:+0
COS+0 — SO+ CO
COS 4+ OH — products

S0, + OH s HSO,

HSO3 + O2 — SO3 + HO,
SOs3 + H2O0 — H2S0,4

Rsz = 2.6 1073 exp (—2400/T)
Rss = 2.1107* exp (—2200/T
Rss = 1.1107'3 exp (—1200/T)
Rss = f(Ko, Keo)

Ko = 3.01073% (T/300)~%*
Ko = 1510712

Rse = 1.3107'% exp (—330/T)
Rs7y =6.0107'%
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due to binary homogeneous nucleation of H,SO, and
H,O0 is calculated according to classical theory. The
size of the freshly nucleated particles is smaller than the
smallest size bin, and this mass is put into the first size
bin. The lower end of the size distribution is therefore
shifted to fewer but larger particles. Condensation and
evaporation of H,SO,4 and H0 on the aerosol particles
is calculated differently. It is assumed that the water
vapor pressure over the H;O/H,;SO4 droplet is always
in equilibrium with the H,O partial pressure and that
condensation/evaporation of the water molecules occurs
instantaneously. Condensation (evaporation) of H;SO4
on the aerosol particles is considered as advection in the
radius space, and the growth rate is interpreted as radial
velocity. For the numerical solution of the sulfuric acid
condensation the advection scheme of Chlond [1994] is
used. An important parameter for the H,SO4 conden-
sation on the aerosol particles, especially for small par-
ticles, is the sticking coefficient a. Here « is defined
as the ratio of the number of H,SO,4 molecules which
are incorporated in the aerosol after a collision and the
total number of gaseous H2SO4 molecules, which col-
lided with the aerosol particle. Laboratory experiments
under normal conditions [Van Dingenen and Raes,
1991] have quantified a sticking coefficient in the range
0.028 < a < 0.064 with an average value of & = 0.04,
while theoretical considerations [Clement et al., 1996]
led to a value of unity. Our box simulations have shown
significant differences in the model results dependent on
the choice of a. Therefore we have performed two dif-
ferent model runs, one with a sticking coefficient of o
= 1 and a second with ¢ = 0.04, in order to inves-
tigate the influence of a on the aerosol distribution.
We will discuss these results in section 3. Changes in
the particle size distribution due to Brownian coagula-
tion are calculated with the coagulation kernel accord-
ing to Fuchs [1964]. The particle loss in every size bin
i due to gravitational sedimentation is modeled by a
sink term proportional to sedimentation velocity and
aeroscl number density and inversely proportional to
the height of the model layer. A detailed model descrip-
tion is given by Timmreck and Graf [2000]. They show
that box simulations of the microphysical model were
able to reproduce the formation and the development of
stratospheric aerosol in the undisturbed and disturbed
atmosphere. The calculated aerosol size distributions
agree quite well with the observations, and the tempo-
ral development after a volcanic eruption could also be
reproduced by the model.

In the first version of the global stratospheric aerosol
model SAM, which is introduced here, the microphysi-
cal model is only applied to the upper nine layers of the
global model (10-300 hPa). Three-dimensional simula-
tions of stratospheric aerosol require a large amount of
computing time. In order to test the model and to ob-
tain results in a reasonable time period, the microphys-
ical model is only integrated in the stratospheric and

upper tropospheric layers of the model. The aerosol
size-resolving component in the stratosphere and the
aerosol bulk approach in the troposphere are coupled
by the total aerosol mass mixing ratio (S027). SO2~ is
the only aerosol variable which is available throughout
the model domain. While the microphysical processes
are integrated separately in time for each size bin, all
bins are considered together for the advection process:
The total aerosol mass is transported as a bulk. After
every advection time step the aerosol mass of each size
bin is scaled with the ratio of the total aerosol mass
after and before advection. For the advective transport
I therefore assume that the gradients of the different
size bins do not differ much and that the aerosol size
distribution in adjacent grid boxes is similar to a first
approximation. This assumption is only applied in the
upper model layers, where the aerosol transport is de-
termined by large-scale advection and where small-scale
processes like convection are not relevant. The big ad-
vantage of this method is the saving of a large amount
of computing time (3% for each additional tracer). The
simplification will, however, lead to some numerical dif-
fusion in particular in the vertical, where the tracer gra-
dients of small and large particles are different because
of gravitational sedimentation. We conduct two model
runs with SAM one with a=1 and one with a=0.04,
both over an 8year period, but consider only the last 5
years for the analysis.

3. Results
3.1. Precursor Gases

COS, SO, and H5S0, (g) are the atmospheric pre-
cursor gases of the stratospheric sulfuric acid aerosol.
While the monthly mean values of the COS concentra-
tion are prescribed, the SO, and H,S0, (g) concentra-
tion are explicitly calculated. Figure 1 shows a com-
parison of a 5 year average of the SO, volume mixing
ratio calculated with the full sulfur chemistry scheme
of this study and an ECHAM simulation with tropo-
spheric sulfur chemistry only. In contrast to the tropo-
spheric sulfur chemistry simulation the global aerosol
model has a local minimum in the lowermost strato-
sphere, which is most pronounced in the tropics. The
increase with height in the SO mixing ratio above 18
km results from the consideration from COS photolysis.
Similar SO, profiles are obtained by other model sim-
ulations [Weisenstein et al., 1997; Zhao et al., 1995].
Weisenstein et al. [1997] obtained a tropical minimum
in the SO, mixing ratio of ~ 5.5 pptv at 18 km which
is consistent with our model results. For the Northern
Hemisphere midlatitudes, Weisenstein et al. [1997] es-
timate a lower SO, mixing ratio (2 parts per trillion
by volume (pptv)) than at the equator, whereas in our
simulation the midlatitude SO, mixing ratio (7.5 pptv)
is higher than in the tropics. One reason for this differ-
ence might be the different parameterizations which are
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Figure 1. Latitude-altitude cross section of the zonally
averaged SO, concentration (pptv)(5 year mean) for (a)

tropospheric sulfur chemistry only and (b) the global
aerosol model including stratospheric sulfur chemistry.

used for the tropospheric removal rate of SO;. Weisen-
stein et al. impose a fixed tropospheric wet removal rate
of 8SO,, while in our model the loss processes (hetero-
geneous reaction with HoO, and O3 in cloud and below
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cloud scavenging) are explicitly calculated. Another
possible reason might be differences in the transport
modeling. Model intercomparisons [e.g. Danilin et al.,
1998] have found large differences in the stratospheric-
tropospheric exchange between 2-D and 3-D models and
even between 3-D models.

Unfortunately, only a few SO measurements from
the upper troposphere and lower stratosphere are avail-
able to validate the model results. Vertical SO, profiles
between 67°N and 60°S and between land 12 km al-
titude were derived by Ockelmann and Georgii [1989]
from aircraft measurements made in June 1984. They
found SO, mixing ratios between 20 and several 100
pptv with local maxima in the upper troposphere above
200 pptv in the Southern Hemisphere and 300 pptv in
the Northen Hemisphere. The model is able to repro-
duce a local maximum in the middle and upper tro-
posphere in the Northern Hemisphere midlatitudes al-
though the zonally maximum value is lower than ob-
served. Simulated daily values (not shown), however,
could be about factor of 2 larger. In Figure 2 the sim-
ulated SO, mixing ratios are compared with measure-
ments from the Max Planck Institute Heidelberg, at
Kiruna (68°N) in February 1987 [Mdhler and Arnold,
1992] and in the vicinity of Teneriffe (28°N) in July
1997 [Curtius et al., 1998]. In general, it is difficult to
compare in situ measurements taken at one point under
specific synoptic conditions with climate model simula-
tions with a nominal resolution of 320 km x 320 km.
In Figure 2 the error bars indicate the simulated max-
imum and minimum SO, values at the corresponding
grid boxes and altitudes in the simulated time frame (5
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Figure 2. Comparison of simulated SO, data (pptv) with in situ measurements (a) at Kiruna
and (b) near Teneriffe. In Figure 2a the shaded area indicates the measurements by Mdhler and
Arnold [1992], and the solid circles indicate the model results. In Figure 2b the open circles
indicate measurements by Curtius et al. [1998] during the ACE II campaign, and the solid circles
indicate the model results. The error bar indicate the range of variability.
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years). This large variability, in particular for the tro-
posphere, makes a comparison between model results
and observations quite difficult. Hence we will com-
pare the observations to monthly averaged values, which
also, but to a lesser extent than the daily values, reflect
the atmospheric variability (interannual). At Kiruna
(68°N) the simulated monthly averaged SO, mixing
ratios are in quite good agreement with the observa-
tions in the troposphere and around the tropopause,
whereas in the stratosphere model results and obser-
vations differ significantly. The simulated vertical pro-
file decreases only slightly above the tropopause (-10
pptv km~? within 2 km), while the measurements show
a much stronger gradient (-50 pptv km~!). A possi-
ble reason for this could be strong numerical diffusion
in the model which is enhanced in the applied semi—
Lagrangian transport scheme when large tracer gradi-
ents appear [Timmreck et al., 1999]. A similar slight
stratospheric decrease in the SQ; mixing ratio as in
our model is, however, simulated with a 1-D profile
[Turco et al., 1981], although this model underpredicts
the tropospheric SO, values significantly. Other pub-
lished SO; measurements at 68°N [Inn et al., 1981] are
much higher with values between 36 and 51 pptv at 15
km. SO; measurements [Meizner, 1984] which were
taken between 10 and 12 km and at 40°-60°N range be-
tween 10 and 59 pptv with different vertical gradients
above the tropopause in the range from -1.2 pptv km—!
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to +16.5 pptv km~1. Between 8 and 12 km and 54°-67°
N, Ockelmann and Georgii [1989] observed SO, mixing
ratios in the range of 40-200 pptv with vertical gradients
from 0 pptv km~! to +10 pptv km~'. Hence the obser-
vational basis for model evaluation is extremely weak
especially for high latitudes, where day to day variabil-
ity is strong due to the influence of synoptic activity.
In the vicinity of Teneriffe (28°N) the simulated month-

ly averaged SO, mixing ratio profiles also agree quite
well with observations, which were taken during the
ACE II field campaign. At all altitudes the model re-
sults are within the observational range. Above 10 km
the model results for every year are quite similar, but
below 10 km a strong interannual variability is simu-
lated. In contrast to the vertical SO, profile at high
latitudes both measurements and model results show
only a slight decrease with altitude. In general, more
measurements at different latitudes and seasons would
be necessary to get a more complete picture of strato-
spheric SO, concentration. In contrast to the SO, con-
centration, which is not influenced by the choice of the
sticking coeflicient o, the atmospheric H,SO,4 (g) con-
centration is strongly dependent on a. In box simu-
lations with the microphysical model [Timmreck and
Graf, 2000] the equilibrium H;SO4 concentration for an
assumed sticking coefficient of & =0.04 was about a fac-
tor of 2-3 higher compared to the one determined with
a = 1. The contribution of the condensation process
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(a) Simulated sulfuric acid vapor concentration (molecules cm~3) at Northern

Hemisphere midlatitudes (44°N) for two different months June (open symbols) and October
(solid symbols). Circles denote model results for & = 1, and squares denote results for o = 0.04.
The shaded area indicates the range of observations in June 1982, and the hatched area indicates
the range of observations in September/October 1981 according to Arnold and Biihrke, [1983].
(b) Comparison of the simulated H,SO4 volume mixing ratio (parts per trillion by volume) with
in situ measurements at Kiruna. The shaded area indicates the measurements by Méhler and
Arnold [1992], the solid circles indicate the simulations for @ =1 and the solid squares indicate

the simulations for a = 0.04.
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to the aerosol formation is different for both assump-
tions. In the simulation with & = 1 many more (25
times) H,S0O, molecules are incorporated in the aerosol
particles. However, the simulated sulfuric acid vapor
concentrations in the box model were overestimated
for all cases compared to the observations, which was
mainly explained with the neglect of tropospheric par-
ticles [Timmreck and Graf, 2000]. In Figure 3a the
simulated H;SO4 (g) concentrations at Northern Hemi-
sphere midlatitudes for a sticking coeflicient of & = 1
and of a = 0.04 are compared to observations [Arnold
and Biihrke, 1983]. The observed data include balloon
measurements from September and October 1981 and
from June 1982, while the simulated data are given by
the corresponding monthly mean values for each year.

1) for a = 0.04, and (f) same for a = 1.

Both simulations and observations show a similar be-
havior with smaller values in October than in June.
The model simulation can reproduce the observed sea-
sonal and vertical variability quite well. Differences be-
tween both model runs occur in the estimated quanti-
ties and in the HoSO4 gradient at the top of the aerosol
layer. The simulated H,SO4 (g) concentration for an
assumed sticking coefficient of & = 1 (circles) are in the
observed range, whereas the simulations with a =0.04
(squares) clearly overestimate the observed concentra-
tion by a factor of 10. Furthermore, the strong increase
in the observed H2SO4 (g) concentration above 25 km
is reproduced much better with a sticking coeflicient of
unity. At Kiruna (68°N) the simulated H,SO4 mixing
ratios for both model runs are in the observed range

85U0|7 SUOWIWOD 8A R8I0 (el (dde au Aq peusenob afe sejone VO 8sn Jo sa|ni Joy AriqIT8uIUO 8|1 UO (SUORIPUOD-PUe-SW.SIWo0" A3 [IM AR Ul |UO//SANY) SUORIPUOD pue swe 1 8y} 89S *[£202/90/50] U0 Ariqiauluo A8(1m ‘ABojoiosie N 81€ IdIN Ad $92000QrT00Z/6Z0T OT/10p/W00 A8 1M AreiqpuljuosqndnBe;/sdny wouy pepeojumod ‘Zza ‘T00Z ‘P20229STe



28,320 TIMMRECK: GCM SIMULATION OF STRATOSPHERIC AEROSOL

2.5 km above and 1 km below the tropopause as the
comparison of simulated data with measurements from
February 1987 [Méhler end Arnold, 1992] shows (Fig-
ure 3b). While the values for a = 1 are clearly within
the observational range, the values for @ = 0.04 are
at the upper end of the observation. Just above the
tropopause the model is not capable of reproducing the
sharp observational peak, possibly because of strong nu-
merical diffusion. At this altitude the values for a =1
are about a factor of 4 smaller than the observations,
while the values for a = 0.04 are at the lower edge of
the observational range. Overall, the simulated SO,
and H2SO4 (g) concentrations agree quite well with the
observations. However, at present, only a few atmo-
spheric measurements of sulfur-containing gases exist.
More measurements at different sites are desirable to
better validate the model results.

3.2. Homogeneous Nucleation

New particles can be formed in the atmosphere through
binary homogeneous nucleation of H,SO4/H,0. Figure
4 shows the global distribution of the nucleation rates
of the sulfuric acid vapor concentration for both model
runs and of the temperature and water vapor concen-
tration. Owing to the lower H>SO4 (g) concentration
in the model run with a =1, fewer H,SO4 molecules
are available for the nucleation of new particles. This
leads to lower nucleation rates with maximum values
of ~ 1072 57! cm™2% compared to 1 s™! cm™3 for the
simulation with a =0.04 (Figure 4).

Although the amount of the H,SO, (g) concentration
influences the strength of the nucleation, the occurrence
of the homogeneous nucleation is mainly determined
by the temperature. Hence, in both model runs, the
formation of new particles through homogeneous nu-
cleation takes place preferably in the tropics around 17
km, where the coldest temperatures in the model occur.
Measurements and 1-D model simulations by Brock et
al. [1995] suggest that homogeneous nucleation in the
upper tropical troposphere is the main source for new
stratospheric aerosol particles. In contrast to the find-
ings by Brock et al. [1995] the simulated maximum
of the tropical nucleation rate is located in the lower
tropical stratosphere and not in the upper tropical tro-
posphere. In ECHAM4 the temperature values in the
upper tropical troposphere are ~ 2 K too high com-
pared to European Centre for Medium-Range Weather
Forecasts—analysis data and in the tropical stratosphere
are ~ 2-4 K too low [Roeckner et al., 1996]. This model
bias, which is a common feature of general circulation
models, might explain the differences to the measure-
ments by Brock et al. [1995] and emphasizes the impor-
tant role of the temperature in the nucleation process.

Measurements [ Wilson et al., 1989] and simulations
[Zhao, 1993] suggest that enhanced homogeneous nucle-
ation also takes place in polar spring. In Figure 5 the
logarithm of the nucleation rate for April and October is

Altitude (km)

Altitude (km)
S8 8BRTRBE

(7] 608 308 ) 30N 80N 0N

Figure 5. Global distribution of the homogenous nu-
cleation rate (log;o J (cm™2 s71)) in the model run with
a sticking coefficient of @ = 1 in (a) April and (b) Oc-
tober.

shown for the model run with a sticking coefficient of 1.
In both months a second local maximum occurs at the
winter pole in good agreement with the observations.
Owing to the colder temperatures the maximum at the
South Pole is much more pronounced than the one at
the North Pole. A similar picture can be found for the
simulation with & = 0.04, but the nucleation rates are
higher than for @ = 1. Overall, the 3-D aerosol model
is able to reproduce most of the features observed in
particle production. The nucleation rates differ by ~ 2
orders of magnitude between both model runs, which
is quite small compared to the theoretical and experi-
mental uncertainties. However, the model run with o
= 1 seems to be more realistic because of the better
agreement of the sulfuric acid vapor concentration with
the observations (Figure 3).

3.3. HySO, Number Density

In Figure 6 the simulated vertical distribution of the
total (gas plus aerosol) sulfuric acid concentration at
Northern Hemisphere midlatitudes in October is com-
pared with observations for the corresponding month
[Arnold et al., 1998]. In contrast to the comparison for
the gaseous H,SO4 concentration alone {Figure 3), no
significant differences between both model runs can be
detected in the total HySO4 concentration. The per-
centage of the gaseous fraction of the total sulfuric acid
number density is < 5% for @ = 0.04 and is even smaller
for « = 1. For the simulation of the aerosol HySO4
number density or the sulfuric acid aerosol mass, the
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Figure 6. Vertical profile of the total (gas and aerosol)
sulfuric acid concentration (10° molecules cm™3) at
Northern Hemisphere midlatitudes (44°N) in October.
The solid circles denote simulations for a =1, and the
open squares denote the simulations for a = 0.04. The
shaded area indicates the range of observations accord-
ing to Arnold et al. [1998].

value of the sticking probability a is of less importance.
This is in contrast to our previous box model results
[Timmreck and Graf, 2000], where the nucleation pro-
cess was the only source for particle formation in the
atmosphere. Hence, without further notice, only model
results with a sticking coefficient & = 1 are shown in
the following, because the aerosol properties do not dif-
fer significantly between both model runs.

The simulated values, in general, agree reasonably
well with the observations. At 24 km the simulated

24 km

H2SO4 number density is about a factor of 2 higher
and at 16 km is a factor of 2 lower than the observa-
tion. The observations show, however, a much stronger
gradient than the model results. A possible reason for
this discrepancy could be the numerical diffusion in the
model. The numerical diffusion is as aforementioned,
in general, enhanced in the applied semi-Lagrangian
transport scheme when tracer gradients become large.
Another reason might be the representation of strato-
spheric transport in the model. This will be discussed
in section 3.4.

3.4. Aerosol Mass Mixing Ratio

In Figure 7 the temporal development of the aerosol
mixing ratio over the simulated 5 years is shown at
30, 24, and 21 km. A noticeable difference between
the three layers is the existence of the tropical aerosol
reservoir in the two upper model layers (30 and 24 km).
Analysis of SAGE data by Trepte and Hitchman [1992]
show that the tropical stratosphere below 20 km is char-
acterized by fast meridional poleward transport, while
between 20°S and 20°N and between 20 and 28 km a
tropical stratospheric reservoir (TSR) exists. The TSR
has a distinctly different air mass than the midlatitude
stratosphere. Possible reasons for the TSR are sub-
tropical, quasi-permeable barriers with strong poten-
tial vorticity gradients, which inhibit transport of trop-
ical air into the subtropics [Haynes and MciIntyre, 1987;
Trepte and Hitchman, 1992]. Observations in particular
after the Mount Pinatubo eruption [e.g., Trepte et al.,
1993; Grant et al., 1996] show that the TSR is a tempo-
rary reservoir for tropical aerosols. The tropical aerosol
reservoir is controlled by the phase of the quasi-biennial
oscillation (QBO) [Trepte and Hitchman, 1992; Hitch-
man et al., 1994]. During the QBO easterly shear the

21 km

JON  BON 90N 90S 605 305 £Q 3N G0N 90N

Figure 7. Temporal development of the calculated aerosol mixing ratio (ppb S) over the simu-
lated 5 year period at 30, 24, and 21 km. The first 3 years of the model simulation are disregarded.

85U0 17 SUOWWIOD 3AIe81D) 3(deotidde ayp Aq peusenob aie ssjone VO ‘8N JOSa|ni 104 AXeig1T8UIUO AB]IA UO (SUORIPLD-PUE-SWLBYLID A8 1M AReiq 1 jBu 1 |UO//SANY) SUORIPUOD PUe SWB L 8L} 38 [£202/90/50] Uo Ariqi auliuo A1 *ABojo10s18 N 81€ IdIN AG S92000QCT00Z/620T OT/I0p/L0D A3 1M ARelq1jputjuo'sgndnbe//sdiy wiosy papeojumoq ‘2z ‘1002 ‘PZ0gz9sTe



28,322

TIMMRECK: GCM SIMULATION OF STRATOSPHERIC AEROSOL

Figure 8. Northern Hemisphere polar stereographic distribution of the aerosol mixing ratio (ppb
S) for (a) February 15, (b) May 15, (c) August 15, and (d) November 15, in model year 7.

tropical aerosol tends to remain near the equator, while
during the westerly shear the aerosol tends to spread
poleward. In the ECHAM model, as in all GCMs, the
tropical winds are stable easterly. Thus the model is not
capable of simulating the observed interannual variabil-
ity of the tropical stratospheric aerosol which is associ-
ated with the QBO. Furthermore, it has to be taken into
account that the model top layer is located at 10 hPa
and acts as a sponge layer. Thus the aerosol concentra-
tion in the uppermost layer is not very representative of
reality and should not be considered for a detailed anal-
ysis. The model results show however, a clear interan-
nual and interseasonal variability at all heights. In the
two upper model layers a local maximum occurs in early
boreal summer in the tropics because of an increase in
the COS concentration in spring. The lowest values are
found at 30 km and at 24 km at high latitudes in polar
spring. This springtime cleansing associated with the
subsidence of the aerosol particles within the polar vor-
tex has been observed in the Arctic [Kent et al., 1985]
and the Antarctic [Thomason and Poole, 1993].
Aerosol transport from the tropics to the high lati-
tudes occurs in the middle stratosphere mainly as dis-
crete events in planetary-scale tongues which are asso-
ciated with an episodic amplification of planetary-scale
waves in high latitudes of the winter hemisphere propa-

gating at the edge of the polar vortex [Chen et al., 1994;
Waugh, 1996). Figure 8 shows the northern hemispheric
distribution of the aerosol mass mixing ratio (ppb S) at
24 km on 4 days (fifteenth of each month) in model year
7. Synpotic-scale tongues originating in the tropics are
clearly evident in the winter months but they are also
visible in August (Figure 8c) when the vortex in the
model starts to build up again. In February (Figure
8a) aerosol-rich air from the tropics is transported pole-
ward and eastward around the displaced polar vortex,
while aerosol-poor polar air is advected equatorward
and westward. A similar pattern was found by Harvey
et al. [1999] in Stratospheric Aerosol Measurement II
observations. The analyzed data show that aerosol rich-
air mass from Africa is transported eastward around
the polar vortex into the Aleutian High. A minimum
of aerosol-poor air characterizes a relatively zonal polar
vortex in November (Figure 8d) which is surrounded
by filaments with aerosol-rich air in the midlatitudes.
The quiescent period is in May (Figure 8b), when the
aerosol mass mixing ratio is organized in zonal bands.
The aerosol distribution at 21 km in Figure 7 looks
quite different from the two upper layers. In the tropics,
local minima exist in spring after the breakdown of the
polar vortex. The aerosol mixing ratio at this altitude is
therefore characterized by fast meridional transport of
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Figure 9. Latitude-altitude cross section of the calcu-
lated monthly averaged aerosol mixing ratio (ppb S) for
(a) February and (b) May in model year 7.

the lower transport regime. This is also apparent in the
meridional cross sections for February (year 7) and for
May (year 7) in Figure 9. In February (Figure 9a), the
aerosol is confined in the tropics while after the break-
down of the polar vortex in May (Figure 9b) it is spread
poleward. Our model shows that although both trans-
port regimes exist in the model, most of the transport
takes place in the lower transport regime as a result of
the missing upper branch of the Brewer Dobson circula-
tion. With the model version used a detailed analysis of
the connection between spatial aerosol distribution and
stratospheric circulation is therefore not feasible. As a
consequence, we have to state that GCMs with a top
at only 10 hPa are generally not useful to study such
processes that involve transport of, e.g., stratospheric
aerosols and/or ozone. In the following I will therefore

Table 3. Aerosol Mass Density
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Figure 10. Zonally averaged aerosol mass concentra-
tion (ug m—3) between 35°N and 45°N at three different
altitudes.

concentrate on the ability of SAM to simulate proper-
ties of the stratospheric aerosol size distribution, such as
the aerosol number density and surface area density, in
particular, for the Northern Hemisphere midlatitudes.

3.5. Aerosol Mass Density

In Figure 10 the zonally averaged aerosol mass den-
sity between 35°N and 45°N is shown for three different
heights (16, 21, and 24 km). At 16 km a clear annual
cycle is evident in the aerosol mass concentration, with
a maximum in winter and a minimum in summer. This
interannual variability is the result of stronger down-
ward and poleward transport in the winter hemisphere.
At 21 and 24 km the annual cycle is much less pro-
nounced, although the model also shows a distinct in-
terannual variability at these altitudes.

Our results agree quite well with the findings of
Thomason et al. [1997a]. Analysis of Stratospheric
Aerosol and Gas Experiment (SAGE) and SAGE II data
by Thomason et al. [1997a) have shown that at north-
ern midlatitudes a clear annual cycle is evident in the
1.02 pm aerosol extinction which is more pronounced
at 15 km than at 20.5 and 25.5 km.

GCM Results

Time Location Stratospheric Data Intercomparison
(ugm~®) (ugm~?)
1989 41°N; 0.10 OPC", 0.07-0.12
18-to 22km altitude 0.19 SAGE I1°
Dec. 1988 41°N; 0.06 PCS*; 0.11
19 km altitude 0.25 SAGE II°
Spring 1991 41°N; 0.03-0.06 OPC¢; 0.08-0.12

17-to 21 km altitude

0.19 SAGE IP

¢[Hofmann, 1990].
b[Kent et al., 1995].
¢[Wilson et al., 1993].
d[Deshler et al., 1993].
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The simulated values of the aerosol mass density at
Northern Hemisphere midlatitudes also agree quite well
with observations. In Table 3, observed background val-
ues of the stratospheric data intercomparisons [Kent
et al., 1995] are compared with our global model results
for the corresponding latitude and altitudes. With val-
ues between 0.07 and 0.12 ug m~2 the model results
are within the range of the observations (i.e., 0.03-0.19
pg m~3). The SAGE II data [Kent et al., 1995] with
values of ~ 0.19-0.25 ug m—2 are about a factor of 2
higher than in situ measurements and model results.
However, Yue et al. [1994] derived from SAGE II ex-
tinction data aerosol mass densities in the range of 0.08-
0.10 ug m~3 for April 1991, which are closer to the other
measurements by Kent et al. [1995] and to the model
simulations.

3.6. Aerosol Size Distribution

Figure 11 shows the annually averaged aerosol num-
ber density as a function of the particle radius at three
different altitudes (18.5, 21, 24 km) for the equator
and Northern Hemisphere middle (44°N) and high lat-
itudes (79°N). In the tropics a large number of small
freshly nucleated particles can be found in the simu-
lation, which is consistent with the pronounced occur-
rence of homogeneous nucleation in that region (Figure
4). A distinct peak of small particles is also present at
high latitudes due to the formation of new freshly nu-
cleated particles in polar spring. At 44°N the amount
of small particles is minimal because at midlatitudes
less nucleation occurs in the model. At all latitudes the
number of small particles decreases with altitude, and
the peak of the aerosol size distribution shifts to smaller
radii as altitude increases.

Usually the stratospheric background aerosol is de-
scribed with a monomodal distribution because there
is little available information about the number density
of small particles below 0.01 um. However, distinct bi-
modal and trimodal size distributions were detected in
the volcanically disturbed atmosphere where homoge-
neous nucleation is the dominant process. Under back-
ground conditions, Wilson et al. [1992] observed bi-
modal size distribution in the polar region above the
tropopause. They also found bimodal size distribu-
tions in the tropical upper troposphere and lower strato-
sphere. These regions are also characterized by very
low temperatures, which are preferred for homogeneous
nucleation. Unfortunately, only few measurements of
the stratospheric aerosol size distribution exist. Most
of them correspond to volcanically disturbed years. A
unique exception is the long-term stratospheric aerosol
data set from the University of Wyoming. Since 1971,
vertical profiles of stratospheric aerosol have been regu-
larly collected at Laramie, Wyoming, (41°N, 105°5'W)
[ e.g., Deshler et al., 1992, 1993; Hofmann, 1990].

The optical aerosol instruments which are used at
Laramie measure the number concentration of aerosol
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Figure 11. Aerosol number density dN/d(logr) (N
per cubic centimeters, r in microns) as a function of the
particle radius at three different latitudes and altitudes.

in the size range 0.15 - 10 um in eight size classes. In
addition, a condensation nuclei (CN) counter is used to
measure the number density concentration of particles
with 7 > 0.01 pm. The measurements are fitted with a
lognormal size distribution or a bimodal size distribu-
tion.

In Figure 12 we compare the simulated aerosol num-
ber density as a function of the particle radius at 24
km with balloon-borne aerosol measurements made at
Laramie, Wyoming (T. Deshler, personal communica-
tion, 1999). For the measurements we have arbitrar-
ily chosen four different days from the post-Pinatubo
episode, one for each season. The simulated size dis-
tributions are monthly mean values for the grid box
where Laramie is located. The simulations agree quite
well with the measurements, especially for the larger
particles with 7 > 0.1 ym. The model tends to under-
predict very large particles in comparison to the obser-
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Figure 12. Size distribution of aerosol number density dN/d(logr) (N per cubic centimeters,
r in microns) at 24 km and 41°N. The solid line shows monthly averaged model results of an
arbitarily choosen model year, and the dashed line shows balloon-borne measurements at Laramie,

Wyoming, on specific days from the post-Pinatubo episode.

vations, in particular, in October. The simulated and
the observed aerosol number density differ for particles
with » > 0.7 yum by > 2 orders of magnitudes. How-
ever, it could be possible that the observed particles
contain some impurities such as ammonium sulfate and
meteoric debris, so that they are larger than the pure
sulfuric acid/water droplets. Model results and observa-
tions differ more substantially for the smaller particles
r < 0.1 pum. In January the aerosol number density
for particles with 7 < 0.03 pm agrees quite well with
the optical particle counter (OPC) data, but the sim-
ulated values in April and August are ~ 1-2 orders of
magnitude higher than observed. The differences are es-
pecially pronounced in August where no particles with
r < 0.02 pm are detected. The seasonal variability of
number concentration with lowest values in August and
highest in January is, however, well captured by the
model.

The simulated size distributions show a bimodal struc-
ture with one peak between 0.01 pm and 0.05 ym and
one around 0.15 um. Whether this is realistic is difficult
to assess. It has to be taken into account that the fit-
ted observed size distribution in this specific size range
is derived only from the numbers provided by the CN

counter. Owing to the low spectral resolution the obser-
vations cannot provide sufficient information to assess if
the simulated size distribution is true or not. Measure-
ments with a finer resolution below 0.1 um are therefore
desirable to validate the model simulations.

3.7. Aerosol Mixing Ratio

Common parameters to describe the stratospheric
aerosol size distribution are the aerosol mixing ratios
No.15 and N5, where N, is the number of particles
with radius larger than r in microns, and the aerosol size
ratio No.15/No.25 [Russell et al., 1981]. These parame-
ters are deduced from in situ measurements of strato-
spheric aerosol with balloon-borne OPC instruments.
In Figure 13 a meridional cross section of the simulated
aerosol mixing ratio No 15 for the Northern Hemisphere
is compared with observations by Hofmann and Rosen
[1981] made during the nonvolcanic period of 1978-1979.
Hofmann and Rosen [1981] derived the geographical
distribution in the Northern Hemisphere from four dif-
ferent measurement sites (Greenland (67°N), Laramie,
Wyoming (41°N), Texas (32°N), and Brazil (2°S)). In
contrast to the Laramie data, where a continuous time
series exists, the data from the other locations origi-
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3.8. Effective Radius and Aerosol Mass

Figure 14 represents a meridional cross section of the
zonally averaged effective radius. The latitude-altitude
cross section of the effective radius reflects the main
features of the aerosol mixing ratio cross section in Fig-
ure 13. Local maxima of the effective radius can be
found at high latitudes where large mass mixing ratio
are also predicted. However, in the tropics where high
mass mixing ratios are also found, the effective radius
does not reach a maximum. The difference might be
explained by the fact that a large effective radius corre-
sponds to a large fraction of large particles. The tropics
are the source of freshly nucleated particles (Figure 5),
and they are also the place where tropospheric particles
could reach the upper troposphere/lower stratosphere
region because of large-scale transport and deep con-
vection. These processes provide a substantial fraction
of particles with radii < 0.15 ym. At middle and higher
latitudes, mainly aged sulfate particles are found, which
have grown through condensation and coagulation pro-
cesses.

The simulated effective radii for stratospheric back-
ground aerosol have values between 0.1 and 0.2 pym
within the observed range of 0.17 pm + 0.07um [Rus-
sell et al., 1996]. A comparison with the midlatitude
values of previous stratospheric data intercomparisons
[Kent et al., 1995] in Table 4 also confirms the good
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Figure 13. Latitude-altitude cross section of the
aerosol mixing ratio Np.j5, where Np.i5 is the number
of particles with radius > 0.15 pm in unit particles per
milligram of air (a) model results (5 year average) and
(b) observations for the year 1978 and 1979 by Hofmann
and Rosen [1981].

nate only from a small number of soundings. In gen-
eral, the model is able to represent the observed pattern,
with maximal values between 8 and 10 particles per mil-
ligram air in the lower stratosphere. Local maxima are
simulated at the pole and in the tropics, whereby the
polar maximum is located at ~ 16 km and the tropical
one is located at 20 km.

In comparison to the OPC measurements the calcu-
lated tropical maximum concentration (eight particles
per milligram) is lower than the observation (nine par-
ticles per milligram), while the calculated polar max-
imum (10 particles per milligram) is higher than the
observation (seven particles per milligram). Further-
more, the altitude of the tropical maximum is located
~ 5 km lower in the simulation than in the observation.
A possible reason for this difference is the too strong
meridional transport of the model. Owing to the unre-
solved upper branch of the Brewer Dobson circulation
the tropical aerosol is preferably transported poleward
instead of upward. This clearly shows the limitations
of this simulation.

agreement with the observations. The simulated effec-
tive radii with values ~ 0.16 um are ~ 20% higher than
the SAGE II data but are still smaller than the passive
cavity aerosol spectrometer measurements of 0.25 pm
by Wilson et al. [1993] and the OPC measurements
of 0.26 um by Hofmann [1990]. The large spread of
the measurements shows not only the level of observa-
tional uncertainty but also the interannual variability
of the stratospheric background aerosol. Overall, the
simulated effective radii agree quite well with the ob-
servations.

Altitude (km)

EQ 30N 60N 80N

90S 680S 308

Figure 14. Latitude-altitude cross section of the cal-
culated zonally averaged effective radius (microns).
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Table 4. Effective radius

Time Location Stratospheric Data Intercomparison =~ GCM Results
(pm) (pm )
1989 41°N; 0.26 OPC?; 0.14-0.18
18-to 22km altitude 0.13 SAGE I*
Dec. 1988 411°N; 0.25 PCS<; 0.16
19 km altitude, 0.14 SAGE I
Spring 1991 41°N; 0.11-0.13 OPCY; 0.16-0.19

17-to 21 km altitude

0.14 SAGE I

%[ Hofmann, 1990].
b[Kent et al., 1995].
¢[Wilson et al., 1993].
4 Deshler et al., 1993].

3.9. Surface Area Density

The aerosol surface area density is an essential param-
eter to assess the importance of heterogeneous chem-
istry processes. Figure 15 shows a comparison between
the simulated zonal mean surface area density latitude-
height cross sections (5 year average) and surface area
densities which are derived from SAGE observations.
In Figure 15a the SAGE II seasonal mean of the win-
ter 1988/1989 surface area density [Thomason et al,
1997b] is shown. The stratospheric aerosol load was
relatively undisturbed in 1989-1991 though the values
were about 10% to 30% higher than observed in 1979
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[Thomason et al., 1997a). Figure 15b shows the sur-
face area density derived from SAGE II, which is rec-
ommended by the World Meteorological Organization
(WMO) [World Meteorological Organization, 1992] for
heterogeneous chemistry models. Figure 15¢ reveals the
simulated zonal mean surface area densities as the sum
of the size bins with radius » > 0.001 ym and in Figure
15d the sum of the size bins with radius r > 0.1 pm is
shown.

At Northern Hemisphere midlatitudes the model re-
sults for r > 0.001 um agree reasonably well with the
SAGE data with values of 1.4 ym? cm~2 at 16 km and
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Figure 15. Latitude-altitude cross section of the aerosol surface area density (um‘ cm™’)
(a) aerosol surface area derived from SAGE II data for the year 1988/1989 [Thomason et al.,
1997], (b) aerosol surface area recommended by the World Meteorological Organization [1992],
(c) simulated aerosol surface area (5 year average) for r > 0.001 pm), and (d) simulated aerosol

surface area (5 year average) for r > 0.1 pm).
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of 1 pm? cm™2 at 20 km. In the upper tropical tro- O 177111 I

posphere, however, the simulated values are about a 038 % 24 km

factor of 2-3 higher than the satellite data. In general, 0.6

the simulated surface area densities for » > 0.001 pgm LI 0 4$ C g % § § g g g % 3 $

have a quite different geographical distribution than the E 7% x X

ones derived from satellite observations. It seems that "E_ 02 o 1

the surface area density dl.stnbutlon is dominated by a > 0.0 L 2 3 456 7 8 9 1011 12

large number of small particles (see Figures 11 and 14). g

If only aerosol particles with 7 > 0.1 um are taken into <

account the simulated surface area density distribution g 20T T T T T T T T T T 3

agrees quite well with the observations. Differences be- 815k % 19km

tween the simulated surface area density distribution “‘5" c < = X 7

for » > 0.001 pm and for » > 0.1 pm which indicate a 7] 10(3’ 6 Q Q 8 8 B B 6 0 {j

large number of small particles, appear in particular in 05X X X X 3

the tropical upper troposphere. The tropical upper tro- E 3
. . . 0.0 | | | 1 1 | | | | |

pospheric enhancement of small particles is also shown 1 2 3 45 6 7 8 9 1011 12

in Figure 14, with very small values of the effective ra-
dius below 0.1 pum, which seems to be caused mainly by
homogeneous nucleation (Figure 4).

There are some possible reasons for the enhanced
amount of small particles in the model simulation in
comparison to the observations. One reason might be
that the model overestimates the small particles be-
cause of the coupling of the microphysical model and
the tropospheric sulfur scheme. One indication for this
could be the occurrence of great surface area densities
in the region of anthropogenic SO2 emissions. Right
now the sulfate aerosol is considered in the troposphere
with a bulk approach. That means sulfate produced in
lower levels is equally distributed to all size classes when
an air parcel enters higher levels where aerosol micro-
physics is taken into account. Hence the modification
of the aerosol size distribution by cloud processing in
the troposphere leads not to a shift in the size distribu-
tion from smaller to larger particles, as in reality, but to
an enhancement of the particle number density in each
class. One of the major tasks in the future is therefore
the extension of the microphysical stratospheric aerosol
model to the troposphere. The shift of the upper tro-
pospheric tropical maximum of the homogeneous nucle-
ation in the model to the lower stratosphere (Figures 4
and 5) might also lead to an overestimation of small
particles in the stratosphere.

Another peesible reason for the difference between
model simulation and satellite observation may be the
fact that SAGE II extinction measurements with the
smallest detection wavelength at 0.385 pm give little
information about particles smaller than 0.1 ym [ Wang
et al., 1989; Thomason and Osborne, 1992] and there-
fore probably underestimate small particles. In addition
to this the uncertainties are in the range + 30% for a
surface area density of 0.1 gm? cm™2 and +15% for one
of 10 pm? cm™3% [Thomason et al., 1997D).

It seems therefore appropriate to compare the simu-
lated surface area density for » > 0.1 gm with the obser-
vation. The simulated surface area density distribution
is in good agreement with the WMO distribution indi-
cating a tropical maximum of 0.6 pm? cm~3 between

Months

Figure 16. Comparison of the observed aerosol sur-
face area density (um? c¢cm™3) at 41°N [T. Deshler,
personal communication, 1999] at two different heights
with simulated monthly mean values for the correspond-
ing grid. The crosses indicate the measurements taken
at individual days in the first half of 1991 and between
1996 and 1999 and the circles indicate the simulated
monthly mean values for the 5 years.

18 and 20 km and values of 0.4 pm? cm~2 at 26 km
and of 0.2 um? cm~2 at 30 km. Differences between
model results and WMO data occur in high latitudes
of both hemispheres. In the Southern Hemisphere the
simulated local maximum of 1.2 um? cm~? is located
between 17 km and 13 km, 2 km higher than in the
WMO data. In the Northern Hemisphere the simulated
values below 24 km are ~ 40% higher in comparison to
the WMO distribution.

A relatively good agreement between GCM results
and observations is also evident if we compare our sim-
ulations with in situ measurements. The monthly av-
eraged simulated surface area density for particles with
r > 0.1 pm at 41°N in comparison to OPC measure-
ments from Laramie (T. Deshler, personal communi-
cation, 1999) is shown in Figure 16 for two different
altitudes (19 km and 24 km).

In general, the GCM results match the observations
quite well at all altitudes. Differences between model
results and observations, however, occur at certain al-
titudes and for certain months. In January and Au-
gust the model results are ~ 30% higher at 19 km
and at 24 km, while in November at 19 km they are
~ 20% lower. Furthermore, the observations show a
considerably larger interannual and monthly variabil-
ity. At 19 km the OPC data range between 0.56 and
1.42 pum? cm~3, whereas the model results range be-
tween 0.86 and 1.1 gm? cm—3. A similar behavior can
be found at 24 km, where the model results vary be-
tween 0.39 and 0.56 um? cm~—2 and the OPC data vary
between 0.26 and 0.72 pm? cm~3. A possible reason
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for this might be the fact that the OPC data reflect
particular days under specific synoptic situations, while
the model results represent monthly averages for the
simulated years. Furthermore, in the simulations inter-
annual and daily fluctuations in the anthropogenic and
volcanic sulfur emission are neglected. In the model,
constant monthly mean sulfur sources are used through-
out the simulation. The model results could there-
fore reflect only the atmospheric variability. Hence
daily variations in anthropogenic or natural emissions
have no impact on our model results. However, the
role which anthropogenic sulfur emissions play for the
stratospheric aerosol load is still uncertain. Right now
SAM is being coupled to a chemistry model CHEM
[Steil et al., 1998]. This chemical-microphysical climate
model will be a good tool to address this open problem
in the near future.

4. Summary and Discussion

The coupling of a microphysical stratospheric aerosol
model with a tropospheric sulfur cycle is an important
step toward a coupled chemical-microphysical climate
model. Results of a first 3-D multiannual background
simulation show that the concentration of aerosol pre-
cursor gases, SOz and HSO4(g), agrees well with in
situ measurements. The HySO4(g) concentrations dif-
fer up to 1 order of magnitude dependent on the choice
of the sticking coeflicient o, whereas aerosol properties
such as the aerosol mass density are not influenced by
a. The best agreement is achieved for a0 =1.

The formation of new particles through homogeneous
nucleation is mainly determined by the temperature and
takes place mainly in the tropics and in polar spring in
good agreement with aircraft measurements. Owing to
the temperature bias in the model’s tropical tropopause
the homogeneous nucleation maximum is shifted from
the upper troposphere to the lower stratosphere. The
model results show a distinct interannual and intersea-
sonal variability at all heights with a springtime cleans-
ing at polar latitudes. At northern hemisphere midlat-
itudes a clear annual cycle with a maximum in winter
and a minimum in summer is evident in the aerosol
mass concentration at 16 km and to a lesser extent at
higher altitudes This interannual variability is the re-
sult of stronger downward and poleward transport in
the winter hemisplere.

The 3-D simulations reproduce important features of
the stratospheric sulfuric acid aerosol. The effective
radius and the aerosol mass density correspond well
with satellite and in situ measurements for the Northern
Hemisphere midlatitude between 1988 and 1991. The
model is furthermore able to reproduce the observed
vertical distribution of the aerosol mixing ratio in the
Northern Hemisphere, but the tropical maximum has
a lower and the polar maximum has a higher value
compared to the observations. Owing to the inade-
quately resolved upper branch of the Brewer Dobson

circulation (model top at 10 hPa), the tropical aerosol is
preferably transported in the lower transport regime, al-
though both transport regimes exist in the model. The
tropical aerosol reservoir is evident in the two upper-
most model layers. Aerosol transport from the tropics
to the high latitudes occurs in these layers in synoptic-
scale tongues in the winter months but also in August.
A detailed analysis of the link between the spatial and
temporal aerosol distribution and the stratospheric cir-
culation is, however, not possible with the model version
used. Owing to the model’s upper boundary at 10 hPa
the interpretation of the model results is limited. It is
therefore planned to repeat the simulations with a mid-
dle atmosphere version of the ECHAM model to study
the link between aerosol distribution and atmospheric
dynamics in more detail.

The simulated aerosol size distributions show a dis-
tinct bimodal structure with a shift to smaller radii
with altitude. They are in good agreement with in situ
measurements at Northern Hemisphere midlatitudes al-
though the model tends to underpredict the amount of
very large particles and to overpredict the number of
very small particles in comparison to the observations.
The simulated aerosol surface area density agrees quite
well with values derived from satellite observations and
OPC measurements if only aerosol particles with radius
r > 0.1 pm are taken into account.

In general, SAM seems to overestimate the number
of small particles in comparison to the observations. A
possible reason for this discrepancy could be the sep-
arate treatment of tropospheric sulfate aerosol mass
(m(t)) and stratospheric sulfate aerosol mass (m(r,t)).
The coupling between the microphysical model and the
sulfur cycle is certainly one of the most critical points of
these simulations. The switch between the size resolved
approach in the upper nine layers of the model and the
bulk approach in the ten tropospheric layers includes
a large potential of possible errors. However, owing to
this approximation it was possible to simulate realistic
global fields of stratospheric sulfuric acid background
aerosol, within a limited amount of computing time.

As a next step, it is intended to merge the micro-
physical model with the tropospheric sulfur scheme in
order to calculate global fields of the sulfate aerosol dis-
tribution m(r,t) from the surface to the top of the at-
mosphere. In particular, the following model improve-
ments are planned: (1) Nucleation and condensation
parameterizations of the stratospheric model will be ex-
tended to tropospheric conditions; (2) the particle for-
mation in clouds, scavenging and deposition processes
will be reformulated to account for particle radius; and
(3) sulfuric acid gas and carbonyl sulfide will be intro-
duced as prognostic variables. The improved model ver-
sion will be used to assess the climate impact of a vari-
able stratospheric aerosol concentration and to deter-
mine which processes sustain the stratospheric aerosol
layer.
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