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Sulphur simulations for East Asia using the MATCH model 
with meteorological data from ECMWF 

Abstract 

Magnuz Engardt 
Swedish Meteorological and Hydrological Institute 

S-601 76 Norrköping 
SWEDEN 

As part of a model intercomparison exercise, with participants from a number of Asian, 
European and American institutes, sulphur transport and conversion calculations were 
conducted over an East Asian domain for 2 different months in 1993. All participants used the 
same emission inventory and simulated concentration and deposition at a number of 
prescribed geographic locations. The participants were asked to run their respective model 
both with standard parameters, and with a set of given parameters, in order to examine the 
different behaviour of the models. The study included comparison with measured data and 
model-to-model intercomparisons, notably source-receptor relationships. 

We hereby describe the MATCH model, used in the study, and report some typical results. 
We find that although the standard and the prescribed set of model parameters differed 
significantly in terms of sulphur conversion and wet scavenging iate, the resulting change in 
atmospheric concentrations and surface depositions only change marginally. We show that it 
is often more critical to choose a representative gridbox value than selecting a parameter from 
the suite available. 

The modelled, near-surface, atmospheric concentration of sulphur in eastem China is typically 
5-10 µg S m-3, with large areas exceeding 20 µg S m-3. In southem Japan the values range 
from 2-5 µg S m-3. Atmospheric SO2 dominates over sulphate near the emission regions while 
sulphate concentrations are higher over e.g. the western Pacific. The sulphur deposition 
exceeds several g sulphur m-2 yea{ 1 in large areas of China. Southem Japan receives 0.5-1 g S 
m-2 year- 1• In January, the total wet deposition roughly equals the dry deposition, in May­
when it rains more in the domain - total wet deposition is ca. 50% larger than total dry 
deposition. 

1. lntroduction 
Asia is the home of over 3 billion people, and its population is steadily increasing. On top of 
that, many Asian countries host booming economies with rapid expansion of public and 
private production and consumption. The energy demands for the region is mainly satisfied 
through the usage of fossil fuel. Therefore, anthropogenic emissions of many pollutants, such 
as e.g. nitrogen oxides (NOx), and sulphur dioxide (SO2), are increasing and are likely to 
increase in the future (Rodhe et al. , 1992; Rodhe, 1999; et al., 1999; Aardenne et al., 1999). 
The usage of coal, which is readily available in many countries, and has a high sulphur to 
energy ratio, is expected to lead to particularly high sulphur emissions (Lefohn et al., 1999), 
in case no active measures are taken to reduce the emissions. Anthropogenic emissions of 
NOx and SO2 will eventually lead to increased depositions of acids, such as nitric acid 
(HNO3) and sulphuric acid (H2SO4), and many areas in Asia do have a high sensitivity for 
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ecosystem damage due to acidic deposition (Kuylenstiema et al., 1995). This isa situation 
similar to the European and North American scene, several decades ago, which eventually 
lead to environmental degradation through the acidification of soils and lakes. See the Acid 
Reign '95 conference summary statement (Rodhe et al., 1995). 

Acid deposition is a typical regional problem with long-range transport of precursor species 
from the emission regions to the subsequent deposition in areas, which may lie thousands of 
km away. The problem has been studied extensively in Europe and North America, and to 
some extent also in Asia. Current Asian studies include monitoring activities, aimed at 
determining the natural background, and the enhanced levels near the emission regions (e.g. 
Carmichael et al., 1995; Ayers et al., 1996; Granat et al., 1996; Ferm and Rodhe, 1997), as 
well as model studies aimed at quantifying the dispersion and chemical conversion of natural 
or anthropogenic species (e.g. Hayami, and Ichikawa, 1995; lchikawa and Fujita, 1995; Amdt 
et al., 1998; Phadnis et al., 1998; Xu and Carmichael, 1998; 1999). Traditionally sulphur has 
been studied most extensively since it is believed to contribute the most to enhanced acid 
deposition. 

MATCH (Multiple-scale Atmospheric Transport and CHemical modelling system) is a 
versatile, moderately sophisticated, tool for simulating transport, deposition and chemical 
conversion of atmospheric pollutants. It is a Eulerian model that runs "off-line"; i.e. the 
driving meteorological data are taken from an extemal source, typically the analysis, or the 
forecast, from a dynamical weather prediction model. MATCH is developed for maximal 
flexibility with regards to model domain and resolution, and it is possible to choose between 
different deposition and chemical conversion routines . 

. Earlier versions of MATCH have previously been used for applications in the tropics, see e.g. 
Robertson et al. (1995; 1996), and Hicks et al. (1998). The current report describes an effort to 
run MATCH over an East Asian domain. The study is performed in parallel with several other 
modelling groups with the ultimate goal of comparing the performance of different models 
operating in the region. In this larger study, all groups employ a linear transformation of SO2 

to sulphate. For the dry deposition, a standard, deposition v~locity approach, is used. Wet 
deposition, finally, is parameterised from the surface precipitation anda bulk scavenging 
coefficient. 

A detailed description of the implementation of the advection and the boundary layer 
parameterisation in MATCH can be found in Robertson et al. (1996; 1999). Examples of 
different regional-scale applications in different geographic areas are found in Langner et al. 
(1995; 1996; 1998a; 1998b), Engardt and Holmen {1996; 1999), Robertson and Langner 
(1998). 

The current report will go through the adopted strategy for deposition and chemical 
conversion of SO2 and sulphate. We describe both the standard formulation (denoted Task A), 

· and the alternative, prescribed, formulation (Task B), that was used in the intercomparison 
exercise. In the final, result section, we present some general results and also address the 
differences between the two formulations. 

Since our calculations were performed with meteorological data from a different driver 
compared to most other groups in the study, we also briefly discuss the driving meteorological 
data. The final conclusions from the model intercomparison will be presented in a jointly 
authored paper elsewhere. 
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2. Description of the sulphur model 
2.1 Dry Deposition 
The dry deposition, Dj (kg m-2), of species} (SO2 or sulphate) is dependent on the "dry 

deposition velocity", vJ (m s- 1), and the tracer mass mixing ratio in the lowest mode! layer 

(denoted 1), µ/ (kg tracer per kg air), and is solved using a semi-implicit formulation, 

(1) 

p1 (kg m-3) is the air density in the lowest mode! layer and !itvdiff (s) the time-step used for 

vertical diffusion, which can be any even fraction of the advection time-step, lit adv • Further, 

g (9.8 m s-2) is the acceleration of gravity, 11p 1 (Pa) is the depth of the lowest mode! layer and 
a is a parameter determining the degree of implicity in the scheme. Here we set a=0.692, in 
accordance to Robertson et al. (1996; 1999). 

As illustrated in Fig. 1, the vertical profiles of SO2, and sulphate - both with a significant 
surface sink - will vary considerably, even within the lowest mode! layer. 

Height (a) Height {b) Height (C) 

Mixing ratio Mixing ratio Mixing ratio 

Figure 1. Schematic tracer profile under different stability conditions in the real world. (a) isa typical stable 
boundary layer; (b) isa well mixed boundary layer; (c) isa possible profile fora remote station downwind an 
emission area. Height and mixing ratio scales are arbitrary. Dashed lines represent model layers; in the current 
version ofMATCH the lowest model layer is -60 m thick. 

The dry deposition velocity, vj , is operating on the mean tracer mixing ratio in the lowest 

mode! layer, µ/. We therefore use Monin-Obukov similarity theory to convert the given 

deposition velocity, vj(lm) ,- which is assumed to be valid at 1 m height - to the middle of 

the lowest mode! layer, in order to retain a constant flux through the surface layer, see Fig. 2, 

vj - vj Fj 
d - d(lm) stab' (2) 

where, 
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Fj _ _______ 1 _____ _ 
stab - j 

1 + v d(lm) [ln(&1 )-'l'h(&1) + 'l'h(l.0)] 
ku* 2 2L L 

(3) 

kis von Karman's constant (0.4), u* (m s- 1) and L (m) are the friction velocity and the Monin­

Obukov's length, respectively, both calculated in MATCH (see Robertson et al., 1996; 1999). 
& 1 (m) is the thickness of the lowest model layer, and 'l'h the "stability functionfor heat" (see 
e.g. Louis, 1979), 

{ 
l+X 

'l'h(;) = 2ln(-2-), 

-6.35;, 
(4a) 

and, 

(4b) 

Table 1 presents examples of the modification of vJ(Im) for different stability conditions. As 

can be noticed, the dry deposition velocity is reduced by 10-20 %, or more, <luring stable 
conditions but only change marginally in the convectiye boundary layer. 

Table 1. Examples of the "stability parameter", F!rab, calculated from Eqs. (3)-(4) <luring different stability 

conditions. The lowest model layer is assumed to have a thickness of 60 m. 

L (m) j ( -1) Fj 
v d(lm) cm s stab 

+ 40 0.1 0.83 
(stable) 0.3 0.62 

~----'-----------1 
± 2000 0.1 0.92 
(near neutral) 0.3 0.79 
~----~--------1 

- 40 0.1 0.95 
(convective) 0.3 0.86 

0.94 
0.83 
0.97 
0.92 
0.98 
0.95 

0.96 
0.89 
0.98 
0.95 
0.99 
0.97 

The prescribed 1 m values of the dry deposition velocities in this study are given in Table 2. 
Note that the dry deposition was modelled identically in Task A and Task B and that all land 
cells were assigned the same value (i.e. no further split up into different surface types). 

Table 2. Prescribed (Carmichael et al., 2000) dry deposition velocities, vj(lml (in cm s-\ used in the current 
stud . 

Land Open water 
S02 0.25 (May) 

V d(lm) 0.125 (January) 0.32 

so2- 0.2 0.1 
4 

v d(lm) 
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Dry deposition 
velocity 

Surface layer 

Figure 2. The relationship between tracer mixing ratio and the dry deposition velocity in the surface layer with 
constant flux P - vj x µ/ = vJ(lmJ x µi(lm)· The tracer mixing ratio at the middle of the lowest mode) layer 
(z = 1'-,,.zi/2) is taken as the mean layer mixing ratio. 

2.2 Wet Deposition 
The key parameters determining the wet deposition is the "bulk scavenging coefficient", A! 
(s-1/(mm h- 1)), and the precipitation intensity at the surface, Pswf(mm h- 1). Assuming that the 
precipitation scavenges tracer from the complete atmospheric column, A! should ideally be 
determined from measurements of the column burden of a species and the surface deposition 
of that species. A!, in the real world, is a function of cloud and precipitation type and vertical 
tracer profile, along with atmospheric ozone (03) and hydrogen peroxide (H2O2) 

concentrations. In this formulation, Aj represents both the in-cloud and the sub-cloud 

scavenging of tracer j. Aso2 also accounts for the in-cloud oxidation of SO2 to sulphate in 
precipitating clouds. Precipitation at the surf ace thus results in wet deposition of sulphate, 

W sot (kg m-2), and decreasing tracer mixing ratio ( of both SO2 and sulphate) at all model 

layers, 

[ 

2- s0 2- ] 2- nlev S02 S02 SO 4 4 
WS04 = ~ Llpk .N.. Psurf µk Lltvdiff + A Psurf µk Lltvdiff 

~ g 1 ( A so2 P A ) s0 2- ' 
k=I + a, i\. surf utvdiff 1 + u(A 4 P Llt · ) surf vdiff 

Llµf = 
Aj Psurf µf Lltvdiff 

1 + u(Aj Psurf Lltvdiff) 

(5) 

(6) 

k indicates model lev el and j indicates each chemical species, note that SO2 and sulphate are 

always counted as sulphur. g, Llpk, Lltvdiff, µ{, and a has the same meaning and numerical 

values as in Eq. (1). Obviously, Eqs. (5) and (6) will decrease the tracer mixing ratio also 
above the precipitating cloud, which may cause too low simulated tracer concentrations in the 
upper troposphere, and too high surface depositions . However, the mixing ratio of SO2, and 
sulphate is generally low above the mixed layer, and we therefore judge this inconsistency in 
the formulation as only a minor error. 
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Acknowledging the large uncertainty in choosing a representative value for AJ, and also the 
inherent temporal and spatial variability of this parameter, we have assigned constant values 

of A50' and AsoJ- for the standard (Task A) simulation according to Table 3 below. The 

chosen values are in the lower range of the numbers used for the normal mid-latitude 
MATCH applications. 

For Task B, the wet deposition was modelled using a similar approach, but with different 
numerical values of N, and in the case of sulphate, also a power dependency of the surface 
precipitation (Carmichael et al., 2000). Table 3 details the formulation, and Fig. 3 displays the 
wet removal rate as a function of surface precipitation for the 2 formulations. As evident from 
Fig. 3, the standard (Task A) parameters are a factor of 2 more efficient to scavenge the 
tracers. 

Table 3. Wet removal rate N x (P rf t (in s-1), used in Task A and Task B simulations. su 

TaskA TaskB 
S02 
Sulphate 

40 X lff Psurf 
100 X 10-6 Psur( 

20 X lff P.mrf 
50 X 10-6 cPsurrJ°-83 

SO2 Sulphate 
1000 

- MATCH standard params - MATCH standard params -- Task B params -- Task B params 
900 

800 800 

;-- 700 ~~ 700 
I I 
Cl) Cl) 

<D <D 

b 600 b 600 .,.... .,.... 

i 500 ~ 500 
cij cij 
> > 
0 0 
E 400 E 400 
~ ~ 
0) 0) ..,., :s: 300 :s: 300 ..,., ..,., ..,., 

200 ,, 200 ..,., 
--- ,,, 

,-
,,,,"' ,-

100 ,- 100 ,----,- ,, 
--- " ... 

0 
2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 
Precipitation rate [mm h-1) Precipitation rate [mm h-1) 

10 

Figure 3. Wet removal rate of SO2 and sulphate as a function of surface precipitation intensity. Solid line is 
standard (Task A) parameters, dashed line is Task B parameters. 

2.3 Chemical conversion 
There are several different chemical conversion schemes available in MATCH. The least 
sophisticated, which is chosen for the current simulations, is a linear transformation of S02 to 
sulphate, 
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(7) 

(8) 

(µj /+l:!,.t and (µj / are the new and old mass mixing ratios of SO2 and sulphate (counted as 

sulphur) at model level k. 

l!,.µf02 is the change in SO2 (and sulphate) at every advection time-step l!,.tadv, 

(9) 

In the standard (Task A) formulation, the conversion rate, km (s- 1), undergoes a diumal cycle 
to account for the diumal cycle in atmospheric OH concentration, 

-- (2nH J kcH =k-Acos 24 , (10) 

where H is local time (hours after midnight), and A (s- 1), the amplitude of the diumal cycle. 
Note that km also accounts for the in-cloud oxidation of SO2 to sulphate in non-precipitating 
clouds, which does not have pronounced diumal cycle, thus the non-zero values of km at 
night. The daily-mean value of km is, of course, identical to k, which varies linearly with 

latitude. k is taken from Tarras6n and !versen (1998), 

i'\ ! 
-- Il\,' ( ) 
k = kEQ +-~ kpoLE -kEQ , 

90 
(11) 

where Å is the latitude and 

kpoLE =a+bsiny, (12) 

{ 
2n(r+91) . . 
- --- ----- ,A < O(Southern Hemzsphere) 

y ~ 365 

_?_7l"(j6~~12, ), ~ 0 (Northern Hemisphere) 
(13) 

r is the number of days since start of the year. This formulation yields a seasonally varying 
SO2 to sulphate conversion rate, which reach a constant, maximum at the equator. 

For Task B a similar formulation was utilised, with a constant, and high, conversion near the 
equator, anda seasonally varying component at the midlatitudes, 

krn = ko f(Å) + k1 [1- f(Å)]xg(t) (14) 

where, 
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f (A) = cof•:~:"} (15) 

and 

( ) . ((r-80)x2nJ g r =sm ----- . 
365 

(16) 

Note that (14)-(16) are only valid for 'A, < 55° (Carmichael et al., 2000). Table 4 summarises 
the model parameters and Fig. 4 illustrates the seasonal and latitudinal variation of kCH for 
Task A and B. Generally, Task B parameters yields a SO2 to sulphate conversion rate twice as 
fast as the standard (Task A) parameters. 

Table 4. Parameter values for the chemical conversion models in the standard (Task A) and Task B simulations. 

TaskA TaskB 
A 0.4k 
kEQ 4.0xI0-6 s- 1 § 

a l.3x10-6 s- 1 § 

b l. lxI0-6 s- 1 § 

ko 
k1 
§ Tarras6n and I versen (1998) 
& Carmichael et al. (2000) 

,-10 
Cl) 

<O 

b 8 
::::, 
(I) 

~ 6 

Day 1 ---...... 
- MATCH standard params 

T ask B params .. 
' .. 

C ', j 4 , 

cii ---------.::'~ § 2 ', 
0 ' 

N .. 

Oo~~-~-~~--~~---' 
Cl) 5 1 0 15 20 25 30 35 40 45 50 55 

Latitude [degrees] 

1_ 1o-~~~D~a~y_1~2_1~ ~ ~ ~ - . 
Cl) ------'° 
~ 8 

~ 6 
C 

- MATCH standard params 
• • Task B params .. .... .. 

-~ 4r------_J ~ 
§ 2 
0 

N 

80~~~--~~--~~-~ 
5 10 15 20 25 30 35 40 45 50 55 

Latitude [degrees] 

10.0xl0-6 s- 1 & 

4.0xl0-6 s- 1 & 

Day 31 
,-10--=-~--~~~-e........,-~~~-~ 

Cl) - .... 
<O .. 

\:: 8 1- MATCH standard params I 
- • • Task B params 
~ 6 .. , 
~ ', 
C ' 
0 ' 
-~ 4- ' 
(I) ' > .. 
§ 2 ' 
0 ' N 

80~~---~~--~~--
5 1 0 15 20 25 30 35 40 45 50 55 

Latitude [degrees] 

_ Day151 
len 10r----.._ __ 
<O ---~ 8 1- MATCH standard params I 

• • Task B params ~---~----~-.. .... 
C 
0 -~ 4r-----------_J 
> 
§ 2 
0 

Öo~~-~-~~--~~-~ 
Cl) 5 10 15 20 25 30 35 40 45 50 55 

Latitude [degrees] 

Figure 4. Daily-mean SO2 to sulphate eon version rate as a function of latitude. Solid line is standard (Task A) 
parameters, dashed line is Task B parameters. The 4 panels illustrates the conversion rate at day I, 31. 121. 151 
(beginning and end of January and May, respectively). 

8 



4. Set-up 
4.1 Meteorology 
The model was run for 2 different months (January and May 1993) with meteorological data 
from ECMWF (European Centre for Medium-Range Weather Forecasts). We used the 6 hour 
"First Guess", valid at 00, 06, 12, and 18Z. The data was interpolated from the T213 
representation to a regular 1 ° x 1 ° latitude-longitude grid at ECMWF, and to 1 hour resolution 
intemally in MATCH (Robertson et al., 1996; 1999). 

Table 5. Parameters used in the current sulphur simulations N10n, N1a,, and N1,v are the number of gridpoirtts in 
the x, y, and z direction, respectively. 

Parameter 
N1on 

N1a1 

N1ev 

West limit 
East limit 
South limit 
North limit 
!itadv 
!itvdi 

Value 
61 
49 
31 
90°E 
151° E 
4°N 
53°N 
600 s 
600 s 

The total precipitation, in the MATCH domain (see Table 5), as computed by ECMWF's 6 
hour "First guess" for January and May 1993, is given in Fig. 5. The total amount is larger in 
May than in January. This is especially true for most of South East Asia - including the high 
emission areas in southem China- where it rains substantially more in May than in January. 
Parts of the eastem Philippines, the east coast of the Malay Peninsula, and the west Pacific, 
receive higher amounts of rain in January compared to May. 
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Figure 5. Total accumulated precipitation in MATCH domain (sum of 4x31 ECMWF's 6 hour "First guess"). 
Top is January 1993, bottom is May 1993. Also displayed are the locations of a few monitoring stations in East 
Asia. 

Figure 6 shows modelled and measured accumulated precipitation in the MATCH domain, at 
most of the stations in Fig. 5 fora 10 day period in January and May, respectively. There is a 
considerable scatter around the 1: 1 line and it appears that the forecasts often underestimate 
the precipitation compared to measurements. It should be noted, however, that while inputting 
precipitation to MATCH, a "limiter" is applied to filter out spurious small precipitation 
amounts that tend to occur in the meteorological driver and which have a profound effect on 
the wet deposition calculations. 

PMATCH = {
0.0 

Pdriver 

P < I'fimit 

P ~ I'timit 
(17) 

In this application we have chosen Pumir to be 0.5 mm h-1• Further down in this report we will 
show that the model has a tendency to overestimate atmospheric concentrations and 
underestimation the surface depositions, using a lower value on Pumir would probably rectify 
some of these problems. 

Finally, it is also clear that a 6 hour forecast (such as the "First guess") is not the optimal 
description of the precipitation in the area. A longer forecast (to eliminate "spin-up" 
problems) or, better, an analysis based on observations in the area would have been preferred. 
However, both of these preferred solutions require the extraction of new meteorological fields 
and considerable pre-processing of the precipitation data, which was considered beyond the 
scoop of this study. 
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Figure 6. Scatter plot of accumulated precipitation at a few stations in the MATCH domain for 10 days in 
January and May 1993. Note the different scales on the axes of the two panels. Precipitation data from CRIEPl1 

(Hayami et al., 1999). 

4.2 Emissions 
Figure 7 shows the modelling domain and the anthropogenic and volcanic sulphur emissions 
used as input to the dispersion calculations. The emissions originally come on a 1 ° x 1 ° 
latitude-longitude grid centred on half degrees, which is the requested geometry of the 
meteorological data; no further spatial interpolation of the emissions is thus required. The area 
emissions were introduced at the lowest mode! layer, the !arge point sources into layer 3, and 
the volcanic sulphur sources into layer 6, see Table 6. No plume rise calculations, or tracing of 
the sub-grid plume from !arge point' sources were performed, since the emission inventory did 
not include the relevant information for such calculations, this is, however, possible in 
MATCH, and recommended to avoid unrealistically high depositions near the point sources. 
In all 3 inventories 95 % of the sulphur were assumed to be in the form of SO2; the rest as 
sulphate (Carmichael et al., 2000). No seasonality was applied - all emissions were assumed 
to be constant both over the year and over the day in the present study. 

Table 6. Amount and height of the sulphur emissions in the Task A and B calculations. 

Source Amount emitted Mode! layer Approximate height 
(Tg S year-1) over surface (m) 

Area sources 11.98 1 0-60 
Large point sources 2.43 3 240-500 
Volcanic sources 0.63 6 1200-1600 
Sum of emissions 15.04 

4.3 Boundary conditions 
The domain was initiated with zero SO2 and sulphate at start; no influx of tracer through the 
boundaries occurred. Sensitivity tests (not shown) confirm that the surface deposition and 
atmospheric concentration in the lowest mode! layers vary only little if we instead assign 
realistic values on the boundaries, and in the domain, at start. The relevant mode! parameters 
are summarised in Tables 2-6. 

1 Central Research Institute of Electric Power Industry, Komae City, Japan. 
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Figure 7. Sulphur emissions in the MATCH mode) domain. (a) is area sources; (b) is )arge point sources ; (c) is 
volcanic sources. Dark blue is 0.001-0.005, light blue 0.005-0.010, green 0.010-0.050 g S m·2 year' 1 etc . The 
locations of some East Asian measurement stations are also shown. Data from David Streets and the 
intercomparison community (Carmichael et al., 2000; Streets and Waldhoff, 1999) 

12 



5. Results 
5.1 Monthly-mean horizontal distribution 
Figure 8 shows near-surface, monthly mean, SO2 mixing ratio and total sulphate 
concentration, monthly accumulated dry and wet deposition using Task A parameters for 
January 1993. 

The near-surface concentration/mixing ratio of species j is deduced from the concentration/ 

mixing ratio in the lowest model layer times the "stability factor" F/rab (cf. Eq. 3), 

µ j -µjFj 
near-surface - I stab (18) 

Due to the coarse resolution and the large spatial scale, the horizontal distribution of SO2 and 
total sulphate resemble the emission fields quite well. SO2 and sulphate also show a great deal 
of similarity although sulphate has a smoother distribution. Over remote areas - like the west 
Pacific - total sulphate concentrations (in ppb(v)) are higher than SO2, while doser to the 
sources, SO2 is always higher. This, of course, reflects the longer residence time of sulphate 
and that it is a secondary pollutant, formed from SO2. The largest values of both species occur 
in the high emission areas in eastem China (i.e. the Sichuan province, (Chengdu, Chongqing, 
etc.), and in the densely populated Yellow River basin), and over the large cities in the region 
(Bangkok, Manilla, Seoul, Pusan, etc.). Monthly mean SO2 mixing ratios reach 5-10 ppb(v), 
or more, over substantial areas of eastem China and South Korea, and 2-5 ppb(v) over 
southem Japan and the rest of eastem China and Korea. Monthly~mean total sulphate 
concentrations reach over 2 µg S m-3 over most of eastem China. 

While the dry deposition mirrörs the atmospheric concentration of SO2 and sulphate, the wet 
deposition is strongly modulated by the precipitation. Hence it has a much more patchy 
appearance. Maximum wet depositions - of several 100 mg S m-2 month-1 - occur both in the 
high emission areas in e.g. eastem China, and in areas with high precipitation rates, e.g. east 
side of the Malay Peninsula. 
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Figure 9 shows the difference in result between Task A and B parameters. Due to the slower 
SO2 to sulphate eon version in Task A ( cf. Fig. 4 ), SO2 is higher and sulphate lower in the 
standard (Task A) simulation. 

Because the dry- and wet- depositions are the sum of SO2 and sulphate depositions, there are 
some peculiar effects in Fig. 9, with altemating areas of increasing and decreasing 
depositions. Although dry deposition of SO2 dominates over sulphate in the complete domain 
( cf. Table 7, 8) there is a larger absolute decrease in sulphate dry deposition over the emission 
areas when using Task B parameters. The largest absolute increase in SO2 dry depositions 
using Task B parameters occur immediately downwind the emission areas, i.e. in the China 
Sea just off the Asian continent. Hence the bi-polar feature of the change in accumulated dry 
deposition shown in Fig. 9. Most areas have higher wet deposition in the standard (Task A) 
simulation, due to the more efficient wet scavenging compared to Task B (cf. Fig. 3). There 
are, however, some areas with less wet deposition - a competing effect from the lower 
sulphate amounts that is present in the Task A simulation. 

The difference in results between the Task A and B simulation are not very substantial in 
terms of concentrations and depositions, although the conversion rate and the scavenging rate 
differs by at least a factor of 2. At this stage we judge the uncertainty in emission inventory, 
and driving meteorology, much larger than the uncertainty in the model parameters. Further 
down, we will also show several examples of the ambiguity of choosing a representative value 
at a particular measurement station, which will also be an additional uncertainty when 
verifying model results against observations. 

Figure 10 shows near-surface, monthly mean atmospheric concentration and deposition of 
SO2 and sulphate for May, 1993. 

The SO2 to sulphate conversion rate is faster in May than in January (cf. Fig. 4). However, 
both SO2 and total sulphate show lower values in May compared to January, due to the more 
effective dry- (cf. Table 2), but in particular, wet- (cf. Fig. 5 showing precipitation intensity) 
deposition of both species. In May, large connected areas of eastem China have sulphur wet 
deposition in excess of 100 mg sulphur m·2 month- 1• The modelled dry deposition is well over 
25 mg sulphur m·2 month-1 in eastem China, Korea and parts of Japan for both January and 
May, 1993. 

Figure 11 shows the difference between Task A and B parameters for the May, 1993 
simulations. The shorter atmospheric residence times of sulphuric species in May are visible 
in the smaller absolute differences between the 2 simulations. 
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Figure 10. As Fig. 8 but for May 1993. 

Figure 11. As Fig. 9 but for May 1993. 
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5.2 Monthly-mean vertical profiles, Task A parameters 
Figures 12-15 show vertical profiles of SO2 and total sulphate over a number of stations in the 
modelling domain using the standard (Task A) parameters. The figures also illustrate the 
difference between near-surface and lowest model layer mixing ratio (cf. Eq. 18). The data 
plotted are monthly mean values at the respective model layer and monthly mean near-surface 
values. The near-surface mixing ratio is always lower than the mixing ratio in the lowest 
model layer but since the reduction is dependent on the local stability and surface type, the 
magnitude will differ from site to site. 

For some stations the near-surface mixing ratio seems to be equal or higherthan in the lowest 
model layer. This is, however, an artefact of the averaging procedure. The near-surface value 
is a true monthly mean, while the model layer means are constructed from the 00:00 GMT 
values (which is local moming for the East Asian stations) and may thus be skewed towards 
lower values. 
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Figure 12. SO2 mixing ratio (in ppb(v)) for January 1993, in the lowest 9 model layers, and near the surface, 
over the stations in Fig 7-11. Asterisks are monthly mean values at mode) layers. Solid dot is monthly mean 
near-surface value. The monthly mean values on mode) levels are created from the 31 instantaneous values at 
00Z each day of January 1993. The surface values are deduced from the instantaneous value in the lowest model 
layer times the instantaneous local stabil ity factor Fjsrah, then averaged overall time steps in the model. 
Approximate heights over surface are also indicated to the right of the panels. 
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Figure 13. As Figure 12, but total sulphate (in µg S m-3). 
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Figure 15. As Figure 13, but for May 1993. 

Although the profiles in Fig. 12-15 are smoothed out during the construction of the monthly 
mean, they still contain interesting pieces of information. A clear influence from the large 
point sources (emitting directly into layer 3, cf. Fig. 7b) can be seen, in both SO2 and total 
sulphate, over e.g. Jinan during both months. The volcanic influence (cf. Fig 7c) is smaller, 
but is visible in the SO2 profile over Tokoro during both months and over Hachijo and Fukue 
in May. 

Kangwha, north of Seoul, lies in a gridbox with high surface emission but no lofted sources, 
consequently the vertical profile of SO2 and total sulphate is very pronounced. For stations 
away from the sulphur sources (e.g. Tokoro, Hachijo, Oki, Fukue, Amarni, Miyako) the 
vertical variations are much less in the lower troposphere. 

5.3 Time series, Task A parameters 
In order to examine the temporal evolution of the advected species we next present time series 
of near-surface SO2, total sulphate concentration, and total sulphur deposition. 

Figs. 16-21 show the rapid, and large, day-to-day variation in atmospheric concentration and 
deposition at a numbers of sites. At many stations, the daily mean atmospheric concentration 
varies over an order of magnitude, see e.g. Tsushima, Fukue, Beijing, Nanjing. The variation 
in atmospheric concentration is mostly a factor of local wind direction while the episodic 
character of the rain determines the timing of the wet deposition. Long periods without rain 
are interrupted with an occasional rain shower, which causes significant deposition at that 
date. 
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For several stations there is a significant over- ( or under-) estimation of the 10-day mean 
values in the model, compared to measurements. This can, of course, point towards errors in 
the transport model, emission inventory, driving meteorology, or simply that the monitoring 
station is not representative for the 1 °x 1 ° gridbox that the model results represent. 

Figs. 16-21 again illustrate the small difference in results between the Task A and task B 
simulation. Of course S02 is systematically higher in Task A and sulphate higher in Task B, 
but the natura! day-to-day variability is much larger than the difference between Task A and B 
results. It is interesting to note that the diumal variations at a site are very similar in the two 
experiments. Both for remote stations and for stations near the emissions, the difference is 
almost only a parallel shift of the values up or down. 

5.4 Comparison with measured data, Task A parameters 
In Figures 12-21 we have plotted the modelled value in the gridbox containing the 
measurement station in question. In areas of large horizontal gradients such a method is 
probably not optimal, see Fig. 22 which illustrate this feature. 
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Figure 22. Principle of "bilinear interpolation", anda numerical example. The left figure and the top 4 
equations outline the mathematics. The right figure shows 4 monitoring stations at locations A, B, C, D. The 
monitoring stations lie in a cell with \I'= 0, while neighbouring cells have 10, 1, and 5. In a conventional, 
"nearest gridpoint", extraction all 4 stations would get \I'= 0.0, using bilinear interpolation, the values range 
from 0.0 to 1.75 and local gradient becomes clear. 

In Figs. 23-26, we have plotted the 10-day mean value of modelled concentration vs. 
measurement for the stations where there is available data (cf. Figs. 16-21). We display the 
results from Task A and Task B simulation in the gridbox where the respective monitoring 
station is located ("nearest gridpoint"). For the Task A simulation, we also display the 
"bilinearly interpo_lated" value (cf. Fig. 22). As can be seen, the difference between nearest 
gridpoint and bilinearly interpolated data is often larger than the difference between the 2 sets 
of mode! parameters! 
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Apart from this interesting finding, we note that, for January, the model performs reasonably 
well with regards to the 10-day mean measured S02 m:ixing ratio at the available stations. It 
slightly overestimates atmospheric total sulphate concentration, especially with Task B 
parameters, and severely underestimates sulphur wet deposition at a few stations without 
precipitation. This latter mismatch between data and modelled results should, however, not be 
attributed to the MATCH model, rather to the large-scale meteorological driver, which fails to 
prescribe precipitation at this location (cf. Fig. 6). Noteworthy is that this failure persistently 
occurs at the stations that report the highest wet deposition amounts. The reason for this 
feature is unclear. 

For May, the model seems to overestimate both S02 and total sulphate, and again, totally miss 
the wet deposition at a number of sites. The overestimation of atmospheric total sulphate is, 
again, more severe in the Task B simulation. The different formulations of oxidation and wet 
scavenging are expected to result in significantly higher sulphate concentrations in Task B, 
since the sulphate production is more effective and the wet scavenging less effective. For S02, 
the difference should be much smaller, since the eff ects of the different formulations act in 
opposite directions and roughly cancel out. 
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Figure 23. Modelled SO2 and total sulphate 10-day mean concentrations vs. measurements for January I I -21, 
1993. Dots and circles are Task A parameters; asterisks are Task B parameters. The <lots and the asterisks are the 
values in the gridbox containing the measurement station. The circles are constructed from a bilinear 
interpolation of neighbouring gridboxes (from the very same (Task A) data set as the solid <lots!). Sulphur 
measurements from CRIEPI (Hayami et al., I 999). 
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Figure 25. As Fig. 23 but for May 21-30, 1993. (Taichung with a reported measured sulphate concentration of 
53 µg su1phate m-3 is omitted in the plot) . 
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5.5 Budget values 
Above, we have shown many examples on the relatively small differenee in atmospherie 
eoneentration and deposition using various numerieal values on ehemieal eonversion and wet 
seavenging. The differenee between the Task A and Task B simulation was shown to be mueh 
less than the natural day-do-day variation, whieh is govemed by the driving meteorology. lf 
we instead examine the sulphur reservoirs and the gross fluxes in the model, we note 
eonsiderable diserepaneies between the two eonfigurations. The differenees between the Task 
A and Task B results are summarised in Tables 7 and 8. 

Table 7. Budget terms for the sulphur simulations covering January 1993, using the standard (Task A) 
parameters and the prescribed (Task B) parameters. The mass is the instantaneous mass at end of simulation, the 

h I I d h h I 31 d . I . ot er va ues are accumu ate over t e w o e . av s1mu at1on. 

SO2 Sulphate 
Mass in domain at end of TaskA 77.6 61.8 
simulation (109 g S) TaskB 46.4 96.5 
Total emission TaskA 1213.6 63.9 
(109 g S month-1) TaskB 1213.6 63.9 
Total outflow TaskA 147.5 182.5 
(109 g S month-1) TaskB 72.6 303.0 
Total dry deposition TaskA 296.6 99.3 
(109 g S month-1) TaskB 228.4 162.6 
Total wet deposition TaskA 181.3 230.9 
(109 g S month-1) TaskB 69.3 298.7 
Total ehemieal eon- TaskA 510.6 
version (109 g S month-1) TaskB 796.9 
Tumover time ( days) TaskA 2.4 5.8 

TaskB 1.3 6.5 

T bl 8 S ae.ameas a e , u or ay T bl 7 b t t: M 1993 

SO2 Sulphate 
Mass in domain at end of TaskA 55.8 52.6 
simulation (109 g S) TaskB 33.7 85.1 
Total emission TaskA 1213.6 63.9 
(109 g S month- 1) TaskB 1213.6 63.9 
Total outflow TaskA 117.2 162.1 
(109 g S month- 1) TaskB 55.1 263.2 
Total dry deposition TaskA 286.6 60.9 
(109 g S month-1) TaskB 242.2 106.0 
Total wet deposition TaskA 325.7 216.6 
(109 g S month- 1) TaskB 171.9 320.2 
Total ehemieal eon- TaskA 428.3 
version ( 109 g S month · 1) TaskB 710.6 
Tumover time ( days) TaskA 1.7 5.9 

TaskB 0.9 6.2 
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Due to the very efficient wet scavenging in our model, and the higher precipitation amounts in 
May compared to January, the sink processes for sulphuric species are more efficient <luring 
May. Hence, the total mass of SO2 and sulphate are both higher in January, compared to May. 
Task B hasa faster SO2 to sulphate conversion rate, therefore is the SO2 burden always lower 
and sulphate always higher using Task B parameters. In the Task B set-up, the total mass of 
sulphur as sulphate always exceed the SO2-sulphur with more than a factor of 2, while for the 
Task A simulation there is a slight excess of SO2-sulphur. 

In the Task B simulation, the dry deposition of sulphate increases proportionally more than 
the wet deposition compared to the standard (Task A) simulation. Simultaneously, the wet 
deposition of SO2 decreases proportionally more. This illustrates the effect of the different 
formulation of wet scavenging between in Task A and Task B (Task B has a much less 
effective wet scavenging of SO2 and sulphate). 

Neglecting the fluxes across the model boundaries, the turnover time for SO2 and sulphate, i, 
can be defined as: 

(19a) 

So2-
so2- M 4 

r 4 = ------,-----
so2- so2- ' 

D 4 +W 4 

(19b) 

where M is the mass at the end of simulation (which is close to the average mass of species j 
over the whole simulation period). d,, W, and cJ, are the total- dry, and wet deposition and 
the chemical destruction respectively. 

The tumover times thus calculated are 1-2 days for SO2 while they are 5-6 days for sulphate. 
The higher precipitation amounts in May result in shorter tumover times <luring this time 
compared to the situation in January. 

The more efficient conversion of SO2 to sulphate using Task B parameters results in a 
considerably shorter tumover time for SO2 but a slightly longer turnover time for sulphate 
using Task B parameters. This is not completely in line with the results in Fig. 23 and Fig. 25 
which indicate that near-surface SO2 is only slightly lower, while near-surface sulphate is 
considerably higher in the Task B simulation compared to the standard (Task A) simulation. 
The reason for this is unclear. 
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5.6 Source-receptor calculations, Task A parameters 
Finally, an attempt was made to attribute the total deposition at a number of sites to specific 
source regions. The land-based anthropogenic sulphur emissions in Figs. 7a,b were divided 
into 8 regions, as shown in Table 9 and Fig. 27. The volcanic sulphur sources in Fig 7 c were 
treated as a separate region see Table 9. 

Table 9. Summary of regional and volcanic emissions. The regional breakdown of the anthropogenic sulphur 
sources includes both area and !arge point sources. The sum does not add up to the previous total because the 
omissions of oceanic sources and the truncation of some coastal sources. 

Region Sum of emissions Fraction of all emissions 
(T s r-1) (%) 

Japan 0.44 3.7 
Korea 0.74 6.2 
NE China 1.15 9.6 
C-E China 3.60 30.0 
S China 3.92 32.6 
Taiwan 0.09 0.7 
SE Asia 0.66 5.5 
NW Asia 0.78 6.5 
Volcanic 0.63 5.2 
Sum of emissions 12.01 100.0 

The model was run with the standard set-up (Task A parameters), using only one of the 9 
· inventories at a time, and the total deposition at the stations in Fig. 27 was calculated. The 
results are summarised in Figs. 28-29. 

Of the 7 sites in Figs. 28 and 29, the Chinese station Nanjing, clearly has the highest total 
deposition, with values around 200 mg S m-2 month- 1• Nanjing lies in the region "C-E China" 
which is the dominating source region at this site. In May, the influence from "S China" is 
also substantial at Nanjing. 

The volcanic influence is clearly visible at several Japanese sites, especially in May. 

Y angyang, in Korea, has no influence from the J apanese sources in J anuary but a clear 
influence in May. This, of course, is a reflection of the variation in the predominant wind 
directions <luring the two months. 
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Figure 27. The 8 source regions and the 7 stations used in the source-receptor calculations. 

For the J apanese station Komae, which lies on the east side of the J apanese mainland, 
Japanese sources are dominating the deposition. For the stations on the west coast of Japan 
(Oki, and Fukue), on the other hand, Chinese and Korean emissions are dominating the 
deposition. In J anuary 80-90 % of the deposition at these sites originates from China and 
Korea. The corresponding number for May is 40-50 % 

Tables 10 and 11 summarise the relative importance of the volcanic and anthropogenic 
sulphur sources at the 7 sites in Figs. 28 and 29. The results should be taken as, at least, 
preliminary, and definitely only valid for the two selected periods in 1993. From the large 
difference between the two months, it is clear that the situation will be different for other 
months and for other years with different transport and precipitation regimes. Also, since the 
turnover times for S02 and sulphate were shown to be quite different between the Task A and 
Task B simulations, it should also be expected that the respective contribution from various 
source regions - at different distances from the receptors - could be quite diff erent using 
different model parameters. 
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Figure 28. Respective contribution to the total sulphur deposition from volcanic and the 8 East Asian regions in 
Fig. 27 at 7 selected monitoring stations in East Asia for January 1993. Units mg S m·2 month-1• 
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Figure 29. As Fig. 28 but for May, 1993. 
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Table 10. Fraction (in % ) of total sulphur deposition at 7 East Asian stations emanating from each of the 8 
source-regions in Fig. 27 and from volcanic sulphur sources for January 1993, using Task A parameters and 
extractin total de osition b takin the value in the ridbox containin the station. 

Komae Oki Fukue Yan Nan'in Taichun 
Japan 71.6 7.5 1.4 0.0 0.0 0.0 
Korea 2.5 16.4 37.1 19.0 0.0 0.3 
NE China 4.6 36.0 5.4 51.4 1.0 1.8 
C-E China 5.5 15.7 25.7 21.1 90.5 51.5 
S China 6.8 13.8 23.0 0.9 6.7 16.7 
Taiwan 0.2 0.0 0.3 0.0 0.0 27.6 
SE Asia 0.6 0.7 1.9 0.0 0.5 0.3 
NW Asia 1.6 6.9 3.5 7.5 1.2 1.9 
Volcanic 6.5 2.9 1.6 0.0 0.0 0.0 

Table 11. As Table 10, but for Ma , 1993. 

Komae Oki Fukue Yan Nan'in Taichun 
Japan 82.7 32.2 10.3 3.6 0.0 0.2 
Korea 1.8 15.9 23.6 38.6 1.0 1.6 
NE China 3.2 6.1 1.4 10.5 1.4 1.4 
C-E China 7.6 12.5 13.7 26.7 82.1 10.0 
S China 1.7 8.7 12.9 8.3 14.3 24.4 
Taiwan 0.2 0.3 0.5 0.0 0.0 58.2 
SE Asia 0.0 0.0 0.1 0.1 0.2 0.1 
NW Asia 1.1 2.2 1.0 3.8 7.1 0.7 3.7 
Volcanic 1.7 22.1 36.6 8.5 0.0 0.3 0.4 

6. Discussion 
Uncertainties in our results stem both from the emission inventory, the chosen parameter­
isation and the numerical values of the respective parameters, and weaknesses in the driving 
meteorology. When comparing model results with measurements, an additional source of 
uncertainty is the question of data representativeness. This is an issue both for the modeller, 
when he has to chose between different interpolation methods, and for the data collector when 
he has to assure that his station is representative fora larger region (a model gridbox!). We 
have shown that natural day-to-day variations at a site are much larger than the differences 
between simulations with completely different chemical and scavenging parameters. We have 
also shown that the difference between a "nearest gridpoint" extraction and a "bilinear" 
extraction of data at a station is comparable to the difference between the simulations with 
different model parameters. From this we conclude that, within reasonable limits, the driving 
meteorological data is at least as important as the model formulation. The source-receptor 
calculations showed large differences between two months. This, again, points towards the 
importance of the driving meteorology. 
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