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ABSTRACT

On the basis of the emission data of the industrial sulphur dioxide (SO,) and observed climate fields over East
Asia, the distribution of anthropogenic sulfate aerosol(sof_ } with seasonal variation in the troposphere is simulated
and analyzed by a regional sulfur transport model. and the direct tadiative effects of SOf’ under different weather
conditions are also calculated using the discrete ordinate method. The results show that the concentration of
SOi_ has significant seasonal and spatial variations resulting from the effects of SO, emission source and precipita-
tion and wind fields. Both the concentration of SO, and its radiative Forcing have the largest vaiues in October and
the lowest in July. SOf - causes the decrease of the radiation flux absorbed by earth—atmosphere and the ceoling of
air temperature by scattering more solar radiation back into space. Besides, the radiative and climatic effects of SOE_
are related to the types and height and optical thickness, etc., of the clouds.
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I. INTRODUCTION

Analysis of observed climate data revealed two remarkable facts: 1}Earth has been get-
ting warmer and warmer since the beginning of industrialization while the daily range of air
temperature is decreasing; 2) The warming rate in the Northern Hemisphere has been de-
creasing since 1940's (Danny, 1995). It’s inferred that the forementioned changes are possibly
due to the ever increasing human activities, The industrialization causes more and more con-
sumption of mineral [uel, which results in, on the one hand, the Jarger CO; concentration and
the stronger green-house ¢ffects, on the other hand, the more SO, emitted into air. As a
result, increased sulfate aerosol(SOi_ } particles due to SO, emission may reduce the solar
radiation absorbed by the earth—atmosphere system through reflecting more radiation back
into space. Moreover {Charlson, 1991a), SO;~ can act as cloud condensation nuclei (CCN)
and thus change the optical characteristics and life time of clouds, then, as so—called indirect
forcing it causes the variation in the energy and radiation balance of earth—atmosphere and
leads to the climate change (Charlson, 1991b).

Because of the specific optical nature of the SOf ~ , its radiative effects present the follow-
ing three characters which are different from CO,'s: the first is that the variability is large, in-
cluding not only the diurnal and synoptic scale variation, but also the seasonal variation; the
second is that SOi_ mainly influences the solar radiation, which implies the effects of sulfate

are significant during daytime; the third is that the climatic effects of SOﬁ_ are regional due
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to its regional distribution (Qian and Fu, 1997).

The cbservation shows that East Asia has become the region where both the increment
of SO, emission sources and the concentration of SO2 ™ in air are the largest in the globe
because of its rapid social and economic developments, and it has been paid more and more
attentions by the governments and scientists in the world (IPCC, 1994). In this paper the sea-
sonal and spatial distributions of anthropogenic sulfate aerosol in the troposphere are simu-
lated and analyzed by the regional sulfur deposition and transport model, and the radiative
effects under the conditions of clear and cloudy sky are calculated using the discrete ordinate
method. The research results will not only improve our basic understanding on radiative ef-

fects and characters of SO5~ under different weather backgrounds, but also provide founda-

tion for comparison with parameterization schemes of SOE_ in complicated climate models.

I1. SPATIAL DISTRIBUTION OF S02~ IN DIFFERENT SEASONS

1. Introduction o fChemical Transport Model

A three—dimensional regional Eulerian model for sulfur deposition and transport is used
to simulate the distribution of $0, and SO~ (Huang et al., 1996). The equation of the mod-
el describes emission, transport, diffusion, gas—phase and aqueous—phase chemical process,
dry deposition, rainout and washout of sulfur. The effects of temperature, humidity, light in-
tensity, cloud and fog coverage and pollutant concentration on the oxidant rate of
S0, are considered. The model uses a horizontal grid with 1° x 1° resolution covering East
Asia from 16°N to 50°N, and 98°E to 146°E. The vertical extending consists of eight layers
from the surface to the tropopause along a sigma coordinate. It's supposed that the surface is
an absorbed boundary while the top boundary a closed one. The lateral boundary condition
is assumed that pollutants can only transport out of the domain but not inte. Climatic
datasets, such as wind, geopotential height, temperature, relative humidity, are obtained from
ECMWF (Europe Center for Middle—range Weather Forecasts) and (he rainfall datasets are
interposed by observed data from the Meteorological Agency of China. The emission inven-
tory for SO, over the mainland of China comes from China Environmental Agency, and
those of other regions are taken from Akimoto (1994).

The scatterplot diagram of SO2™ concentration from the calculation and the observa-

tion in precipitation shows that the calculated results have a pood agreement with the ob-
served ones with a correlation coefficient of 0.80 and an average error of 23%.

2. Vertical Distribution

Vertical profile of area averaged SO~ concentration (Fig. 1} shows SO}~ concentra-
tion decreases with the altitude in all seasons. But the variability under 1 km is relatively
small, and the concentration at the top of boundary layer is even larger than that at surface,
especially in July and October. The average concentrations in boundary layer are 0.30, 0.75,
22 and 1.8 mg m ™, respectively in April, July, October and January. The concentrations in
October and January are significantly larger than those in April and July. Generally, SO;‘_ is
mainly distributed in lower layers of the troposphere below 2 km.
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Fig. |. Vertical profile of §O2™ concentration averaged in the model domain {mg m %),
3. Horizontal Distribution

Fig. 2 shows the S()i " horizontal burden disteibution integrated in the troposphere. It is
found that SO%' mainly locates in the central part of domain between 20°N and 40°N. There

exists a tail shaped high value area in the western Pacific due to the westerly belt in upper lay-
er. Over the land, there are three high value centers respectively in Southwest China, the mid-
dle and lower reaches of the Yangtze River and the lower reaches of the Yellow River. In

January and July it is in Southwest China where the highest concentration of SOE“ occurs.
In October it is in the middle and lower reaches of the Yangtze River being of the highest con-

centration.
The seasonal change of averaged concentration of SOi’ is significant and the highest
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Fig. 2. Distribution of SO:— burden integrated in the troposphere {mg m3.

average value occurs in October, then successively is in January, April and July. Mean SOi -
concentrations of domain are 5.7, 3.7, 11.1 and 2.5 mg m 2 in April, July, October and
January. In some high value areas, mean SOi' concentrations in the troposphere tend to be
larger than over 10 mg m"2. But the Northern Hemisphere and global averaged burden are 3.5
and 2.0 mg m™? respectively according to Charlson (1992).

Simulated concentration distributions in different levels reveal that the SO;~ content in
lower layers is relatively high and mainly locates over land, which consists with the
distribution of SO, emission sources. With increasing altitude, the diffusion of SO en-
hances, its distribution areas expand toward south and east and its concentration decreases
simultaneously.

4. Conrributing Factors o f Seasonal and Regional Variation

From above analysis we find that SQ;~ mainly distributes over land and lower reaches

of westerly belt. The SO2™ concentration is larger in winter and fall than that in summer and
spring. It results principally from following three factors:




384 Advances in Atmospheric Sciences Vol. 15

(1) Distribution of SO, emission source

Anthropogenic SOi "~ is mainly transformed from industrial SO, through chemical reac-

tion under the conditions of either clear or cloudy sky. So the SO,%* distribution depends

firstly on SO, concentration in the atmosphere that is mainly decided by local emission
amount. Regional distribution of SO, shows that the areas with high value 80, locate over
industrial regions, for example, Southwest China, the lower and middle reaches of the
Yangtze River, the lower reaches of the Yellow River, Korean peninsula and Peking, Tianjin.

Comparing with SO2™ , the pattern of 50, distribution is more close to that of the emission

source, and the seasonal variation of $O, is the same as SO. ‘s
{2) Precipitation

The seasonal variation of emission amount doesn’t vary too much for a certain area, but
the seasonal differences of SO, and SO2 ™ are obvious. It is primarily due to the wet removal

of precipitation. The monthly precipitation distributions in four seasons are shown in Fig. 3.
July is the rainy season in China, that is, the raining area streiches from South China to

North China and the rainfall in most areas is above 100 mm / month. In July, SO, and §0;~
concentrations are lowest dug to the strongest wet removal. In April the SO, and SO~ con-

centrations are relatively small over South China because the precipitation is chiefly concen-
trated over there. In October it is clear over most parts of China, so the concentrations of
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SO, and SO, are the largest of the whole year. Of course air humidity would have influence

on the transforming process of 8Q, to SO~ .

(3) Wind fields

In addition to precipitation, general circulation is another important factor that
can significantly affect the transport and distribution of $O; and SO; ™ . Fig. 4 shows the
wind fields at 850 hPa for four seasons. In July, the convergence of Indian and East Asian
wonsoons forms a strong souther in East and Middle China and a strong southwester in
North China. This circulation pattern is beneficial to the diffusion and transport of sulfur in
atmosphere. In April, southwesterly is prevailing in South China and so is westerly in North
China. The wind is relatively weak in the middle of China. [n January, because of the influ-
ence of Mongolia high, the northwesterly is prevailing to the south of the Yangtze River.
From north to south the wind weakens with the decreased latitude. So the distribution of
S()i" moves southwards and has no obvious high value center in the lower reaches of the
Yellow River. In October, the wind is relatively weak and a weak anticyclone appears over
mainiand. The atmospheric stratification at the same time is relatively stable. This circulation
pattern is not advantageous to the diffusion and transport of soi‘ . It is one of the important

reasons that leads to the high content of SOi‘ in the atmosphere in October.
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1. THE RADIATIVE EFFECTS OF SO}~ IN CLEAR SKY

1. Radiation Trans gr Scheme and Calculation

The &-4 stream discrete ordinate method is used in the radiation transfer
calculation(Stamnes et al,, 1988). The range of wavelength considered is from 0.294 to 5 pm
(200034000 ¢m”'). The spectral resolutions are 20 em™' in the range of 2000—14000 cm ™,
100 cm™' in the 14000-20000 ¢cm ', and 200 cm™ in the 2000034000 cm ™', respectively. The
effects of gaseous absorption, molecular Rayleigh scattering, aerosol absorption and scat-
tering are included. The absorption gases concerned are H,0, CO,, 05, CH,, N,O, CO and
0,. The effect of N, continuum absorption is also included. The gasecus absorption in each
20 cm ! interval is regarded as monochromatic in the range of 0.294-0.56 #m, and in other
wavelength ranges it is treated as psesudo-monochromatic by using exponential sum fitting.
The effects of variations in the atmospheric temperature and pressure on the gas absorption
are also taken into account in the calculation. The data of LOWTRAN?7 are used (Kneizys et
al., 1988). The profiles of the atmospheric temperature, pressure and component density for
January and July come from midlatitude winter and summer almospheric model; for April
and October come [rom the 1976 U.S, standard atmospheric model. As for the aerosol pro-
files, the rural continental aerosol model with 23 km visibility is adopted in 0 — 2 km bounda-
ry layer; the background tropospheric aerosol model, background stratospheric aerosol mod-
el and upper atmospheric aerosol model are respectively used in the layers of 2-10 km,
10~30 km and above 30 km altitude, The extinction coefficient, single scattering albedo and
asymmetric factor of the aerosol consisted of droplets with 75% H,SQ, are adopted as the
corresponding optical parameters of SO2~ in the model (Deepak and Gerber, 1983). The sur-
face albedo is adopted from seasonal average value given by Matthews(1983). The solar zen-
ith angles used are the monthly daytime average values of solar zenith angle of January,
April, July, and October, correspondingly.

The model atmosphere is divided into 14 layers in the vertical and there arc 10 Jayers be-
low 10 km. The height of every level (Z) varies with the height of topography (Z ¢ )

Z=Z, +o(l0.—Z,),
where o is equal to 0.0, 0.03, 0.08, 0.15, 0.25, 0.40, 0.55, 0.75 and 1.0, respectively.

2. The Vertical Variation o fHeating Rate o fSolar Radiation

In the clear sky the heating rate of solar radiation increases with the altitude because of
the absorption and scattering of tracer gases and aerosols in the atmosphere. The heating rate
of solar radiation is the largest in July due to the sirong radiant flux and high water vapor
content in the atmosphere. 1t is on the contrary in January. The content of water vapor in at-
mosphere over South and East China in April is more abundant than that in October, so the
averaged radiative heating rates in every layer in April are larger than those in October.

The introduction of SO} into calculation results in the radiative heating rates in-
creasing in every layer, especially in the lower layers of the troposphere below 2 km. However,
it is in the layers between 0.5 to 1.5 km instead of in the boundary layer that has the largest
SOf ~ conceniration and the increase of heating rate of solar radiation is the largest. The

SOf‘ content in atmosphere is largest in October, so is its radiative heating rate. Through
the analysis of the optical characteristics of $02” we can find that the absorption of 8027 is
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small, but the scattering is large at the short-wave lengths between 0.2 to 5.0 4m. The scat-
tering increases the optical path of atmosphere which leads to an increment of radiative heat-
ing rate caused by other absorbing gases. Fig. § illustrates the vertical variations of solar
radiative heating rates of four seasons over Southwest China. The vertical profiles over East
China and whole domain have the similar characters with those of Southwest China.

3. The Changes of Solar Radiation Flux on the Earth's Sur fice and at the Top ofthe Atmos-
phere

The scattering of SO27 results in the solar radiation arriving at earth’s surface
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Fig. 5. Vertical profile of solar radiative heating rates of SO2” in clear sky. Solid line: no $027;
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decreasing remarkably. In January and Qctober, in high value region over the continent, the
radiation flux decreases nearly 10 Wm ™2, In April and July, the decrease is more than 5 Wm™?,
The distribution of the radiation change coincides with that of SO2™ content. S0%°
causes solar radiative flux being reflected at the top of the atmosphere to increase, but the
range of its variation is much less than that on the earth’s surface. That is due to the reflection
of the earth surface. The increment of reflected radiative flux represents the difference of
albedo between the earth’s surface and SO2 ™ .

Table 1. The Variations of the Solar Radiation Flux and the Radiative Heating Rates Caused by SO~ under Clear
Sky (Southwest China)

Season SO} concentration Fyun Froa Hypy
{(Month) {mgm™) (Wm?% (Wm? {°Cd™
Apr. 10.85 -3.10 0.56 0.038
Juk. 9.94 -282 0.49 0.031
Oct. 21.54 -5.36 1.2t 0.060
Jan. 12.84 -310 0.76 4.029

Table | shows the variations of the solar radiation flux caused by SOi* on the underly-
ing surface (Fgp ) and at the top of the atmosphere(F.,) and the solar radiative heating rate
{Hppy) at the boundary layer (e.g. Southwest subregion). As SO}~ content in the atmosphere
in October is much higher than that in July, the variation of solar radiation flux in October is
as over twice as that in July. But neither the variation nor the seasonal difference of the
radiative heating rate in the boundary layer is large. [t implies that it is mainly through de-
creasing the solar radiation flux received by the earth’s surface that SOi ~ affects the heat ex-
change between the surface and the atmosphere and the variation of temperature,

1V. THE RADIATIVE EFFECT OF 50~ IN THE CLOUDY ATMOSPHERE

Taking the Southwest subregion as an example, two groups of experiments are con-
ducted to investigate the different radiative effects of soi‘ with the high cloud or low cloud.

It is assumed that the low cloud is stratus(St), and the high cloud is altostratus(As), and the
optical thickness of the high and the low cloud at 0.55 um is 1 and 10, respectively.

1. Low Cloud

Supposing the low cloud is in the second laver of the model. As the result of strong
absorption of the cloud droplets, the solar radiative heating rate increases by 4~ 5 times as
that in clear sky. Owing to the thicker optical thickness of the low cloud, its absorption and
reflection are stronger, and the solar radiative flux arriving the subcloud is on the obvious de-
crease, and the subcloud’s radiative heating rate decreases rapidly. Because of the reflecting of
the cloud and the change of the atmospheric optical path, the radiative heating rates in the
layers above the cloud increase a little(See Fig. 6).
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Table 2. The Radiative Heating Rates in Clear Sky and in the Cloudy Atmosphere (High Cloud and Low Cloud) and
Its Variation Caused by 803~ in above Different Conditions (Southwest China, Unit: °C/ d)

Model  Clearsky SO heatingrate Loweclond SO. ™ heatingrate  Highcloud SO;” heating rate

layer Jan. Jul Jan. Jul Jan. Jul Jan. Jul Jan. Jul Jan. Jul
1 1.24 247 0.03 0.03 .16 049 -0.01 -0.01 1.01 228 -0.01 0.00
2 1.22 236 0.04 0.03 605 1089 -0.32 -0.42 1.00 2.18 -0.01 0.00
3 1.21 225 006 0.03 171 3.28 007 0.04 099 2.08 0.00 0.00
4 115 2.03 007 0035 1.46  2.58 007 006 095 1.87 0.00 0.01
5 1.07 1.80 0.03 0.04 1.25 Y 0.03 0.4 0.B8 1.65 0.00 0.01
3 1.00 1.58 0.02 0.04 Ll L72 002 0.4 0.82 147 00 0.01
7 0.77 146 0.01 0.02 0.84 1.54 0.00 0.2 1.31  2.07 0.01 0.01
3 0.45 1.25 0.00 0.0t 046 115 0.00 0.01 0.50  1.30 003 001

The radiative heating rate decreases by about 0.3~ 0.4°C / d with the introduction of
503' . It shows that the scattering and reflecting of SOi_ are very strong. In the layers be-

low the cloud, SOfﬁ causes decrease of about 0.01°C / d in the radiative heating rate, but

above the ctoud, it has reverse effect. From the higher altitude down to the lower altitude, the
more it is near the cloud, the more the radiative heating rate increases. That is because the

scattering effects of SOi_ increase, the atmospheric optical path gets longer, therefore the
radiative heating rates increase above the cloud. The atmospheric optical path in the layers
below the cloud seemingly increases because of the reflecting effects of SOi_ in the upper
layers, the radiation flux which arrives that layer is abated, and the radiative heating rates are
on the decrease, though the range of change is small(See Table 2).

SO2™ almost couldn’t change the solar radiation flux which arrives the earth’s surface
when there are low clouds. But the upward solar radiation flux at the top of the atmosphere
increases by about 0.05 Wm™2. It shows that the solar radiation flux absorbed by the
earth—atmosphere system decreases, but the order of its variation is only one—tenth as that in
clear sky (See Table 3).

Table 3. The Variation of the Solar Radiation Flux on the Underlying Surface and al the Top of the Atmosphere Re-
sulting from SOf “ in Cloudy Atmosphere {(Southwest China)

FeuplW m %) Fros (Wm™)

Jan.  Jul. Jan.  Jul
Low cloud 0.00 G.0D 0.05 0.05
High cloud -0.77  -1.15 0.55 046

2. High Cloud
Supposing the high cloud is in the 7th layer of the model. The calculated results show
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that the solar radiative heating rate of this layer is larger than that in clear sky, but the in-
crease range is much less than that in the condition of low-level cloud. Similar to the
low—level cloud’s radiative effects, the solar radiative heating rates get smaller in the layers be-
low the cloud, and larger in the layers above the cloud, but it doesn’t change much.

The radiative heating rates caused by SO~ in every layers change much less when com-
paring with low-level cloud. S()i_ increases the radiative heating rates by about

0.01°C / d in cloudy layers. It causes the radiative heating rates to decrease a little in January,
and increase in July. But the range of variation is within 0.01°C / d (See Table 2).

When there are high clouds SOi_ causes the solar radiation flux which arrives the sur-
face to reduce by about 0.76 Wm ™% and 1.15 Wm %, respectively in January and July. The
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Fig. 6. The vertical profile of the solar radiative heating rate of SOf’ in cloudy atmosphere. Solid
line: no SO}, dashed Y¥ine: SO% ™ included (unit: °C/d) HC:highcloud LC: low cloud.
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variation is less than that in clear sky. The solar radiation flux absorbed by earth—atmosphere
sysiem has decrease of about 0.55 Wm 2 in January and 0.46 Wm™ in July. It is much larger
than that with low—level cloud, but close to the value in clear sky.

It is shown that the exisience of cloud can change the pattern of radiative forcing of
SOj ~ remarkably, and there are significant differences between the effects of high-level

clond and low-level cloud, and their effects are not only manifested in the cloudy laver, but
also in the layers below and above the cloudy layer. The effects of the low—level cloud with
relatively large optical thickness are especially obvious. Above analyzed results are based on
the given cloud types, height, thickness and other optical characteristics. We further did some
experiments Lo investigate and compare the atmospheric radiative forcing effects of the differ-
ent cloud types, opticai thickness, and cloudy layers. The results show that the radiative ef-

fects of SOZ~ in the cloudy atmosphere changes very significantly with the optical features of
clouds.

V. CONCLUSION AND DISCUSSION

From numerical simulations and radiation transfer calculation, the following conclusions
can be drawn:

(1) In East Asia. SO}~ concentration has obvious regional distribution characters, with

its high value areas locating in Southwest China, the middle and lower reaches of the Yangtze
River and lower reaches of the Yeliow River in China. The averaged content in East Asia is

much higher than the average in the Northern Hemisphere. Anthropogenic S()f -
mazinly distributes in low layer of the troposphere below 2 km.
(2) Being affected by precipitation and wind fields, the concentration of SO_%‘ is largest

in October, then successively in January, April and July, thus being of very significant sea-
sonal variation.

{3) Under clear sky the reflection effects of SO,%‘ significantly decrease the solar radia-
tion flux which arrives the surface. It also abates the solar radiation absorbed by the
earth—atmosphere system and causes the cooling of atmosphere. But the solar radiative heat-
ing rate in the atmosphere increases a little perhaps due to the change of optical thickness re-
sulting from the scattering of SOi_ . The spatial and temporal distributions of the radiative
effects of SO}~ are mainly determined by the spatial and temporal distributions of its con-
centration.

(4) Both the high and the low cloud can influence the effects of SOf' on the solar radia-
tion flux absorbed by the earth—atmosphere and the radiative heating rate in every layer, es-
pecially in cloudy layer, The effects of SOi_ are related to the types, height, optical depth
and other optical characteristics of clouds.

This paper only gives some very preliminary results on the radiative effects of

803 under the specific atmosphetic conditions. To know more about the effects of SO3”

on climatic change, it is necessary to do more numerical simulations using general circulation
model or regional climate model. Only direct radiative forcing of S()i' is incorporated in the
radiation transfer calculation. In fact, as one kind of cloud condensation nuclei, the change of
SOf" content wonld influence the optical characteristics and lifetime of cloud and precipita-
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tion, then change the radiative forcing and climate fields. It is so called indirect forcing of
SOi_ . This indirect forcing is very significant comparing with its direct forcing, though the
uncertainty it causes is still very large.

In addition, to a certain degree we found the consistency between the variation of tem-
perature in China since 1980s and the radiative effects of SOi‘ according to the annual aver-

aged climatic observed data(Qian et al.,1996), but further analysis results show that, since
1980s, most areas over South China have been cooling, especially during daytime;
further-more, the mean temperature in summer decreased more than that in winter.

However, the calculated results in this work show that the SO] ~ concentration in January is

larger than that in July, so are the albedo effects and radiative forcing. Therefore, to under-
stand the climatic change that we have observed is & much more difficolt and complicated
task than the one we anticipate at present.
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