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Abstract The operational Asian Dust Aerosol Model
(ADAM)1 in Korea Meteorological Administration has
been modified to the ADAM2 model to be used as an
operational forecasting model all year round not only in
Korea but also in the whole Asian domain (70-160°E and
5-60°N) using the routinely available World Meteorological
Organization (WMO) surface reporting data and the Spot/
vegetation Normalized Difference Vegetation Index
(NDVI) data for the period of 9 years from 1998 to 2006.
The 3-hourly reporting WMO surface data in the Asian
domain have been used to re-delineate the Asian dust
source region and to determine the temporal variation of the
threshold wind speed for the dust rise. The dust emission
reduction factor due to vegetation in different surface soil-
type regions (Gobi, sand, loess, and mixed soil) has been
determined with the use of NDVI data. It is found that the
threshold wind speed for the dust rise varies significantly
with time (minimum in summer and maximum in winter)
and surface soil types with the highest threshold wind speed
of 8.0 ms ™' in the Gobi region and the lowest value of
6.0 ms ' in the loess region. The statistical analysis of the
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spot/vegetation NDVI data enables to determine the
emission reduction factor due to vegetation with the free
NDVI value that is the NDVI value without the effect of
vegetation and the upper limit value of NDVI for the dust
rise in different soil-type regions. The modified ADAM2
model has been implemented to simulate two Asian dust
events observed in Korea for the periods from 31 March to 2
April 2007 (a spring dust event) and from 29 to 31 December
2007 (a winter dust event) when the observed PM;q
concentration at some monitoring sites in the source region
exceeds 9,000 pug m °. It is found that ADAM2 model
successfully simulates the observed high dust concentrations
of more than 8,000 ug m > in the dust source region and
600 pg m° in the downstream region of Korea. This
suggests that ADAM?2 has a great potential for the use of an
operational Asian dust forecast model in the Asian domain.

1 Introduction

Asian dust, called “Hwangsa” in Korea and “Kosa” in
Japan, is a typical example of mineral aerosol frequently
originating in the Gobi Desert, sand desert, Loess Plateau,
and barren mixed soil in Northern China and Mongolia
during the spring season and occasionally during the winter
season. Dust storms occurring in East Asian desert regions
tend to cause major aerosol events well beyond the Asian
continent (Husar et al. 2001). The occurrences of strong dust
storms are often associated with catastrophic consequences to
humans and their environment. Indeed, very severe dust
storms were observed in Korea on 21-23 March and 7-9 April
2002 (Park and Lee 2004). During these periods, the
observed PM;, concentrations were over 1,500 pg m > at
most monitoring sites in South Korea, causing natural
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disasters, including temporal closing of most of airports and
elementary schools in Korea (Park and Lee 2004).

In 2002, the Asian Dust Aerosol Model (ADAM) has
been developed on the basis of a statistical method of the
dust emission conditions using the World Meteorological
Organization’s 3-hourly synoptic reporting data for 7 years
from 1996-2002 in the source region (Park and In 2003; In
and Park 2003). The ADAM model successfully simulated
the temporal and spatial distribution of dust concentration
and the starting and ending times of Asian dust events
observed in Korea during 21-22 March and 7-9 April 2002
(Park and In 2003; Park and Lee 2004). However, the
model tended to overestimate the dust concentration in the
late spring of May that might be caused by not taking into
account the growth of vegetation in the Asian dust source
regions.

Lee and Park (2005) have developed the ADAMI model
(they called the model as ADAM?2; hereafter, it will be
called as ADAMI for a consistent sequence) on the basis of
the ADAM model by taking into account the observed
monitoring tower data at Duolun in Inner Mongolia and the
changes of land use types in the source regions. The
modification has been done by comparing modeled and
monitored meteorological parameters including the relative
humidity, soil surface temperature, surface friction velocity,
and surface vegetation conditions. This model has been
able to simulate quite reasonably the Asian dust events
observed in Korea since 2003 (Lee and Park 2005).
However, the vegetation distributions used in the model in
the dust source regions are restricted only to the spring time
when the dust occurrence frequency is highest so that the
ADAMI1 model cannot be used for estimating dust
concentration all year round.

Both ADAM and ADAMI use the total dust emission
flux parameterized for Saharan dust outbreaks (Westphal et
al. 1987; Gillette 1981) where the sand soil predominates.
However, the Asian dust source regions are composed of
Gobi, sand, loess, and mixed soils (Park and In 2003; Park
and Lee 2004; In and Park 2002; 2003) so one type of soil
may not be relevant in estimating the dust emission amount.
To take into account different soil types for the
parameterization of the dust emission flux from different
soil types of the surface, Park and Lee (2005) have
developed a parameterization of the total dust emission
flux from different source regions using the saltation fluxes
(Marticorena and Bergametti 1995) with the observed clay
content in each soil type. The newly parameterized total
dust emission flux, what they called, “the modified ADAM
model” has been employed for the simulation of a dust
event observed in Korea from 20-22 April 2005. The
model was capable of simulating the starting and ending
times of the dust event and the maximum dust concen-
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trations observed in South Korea slightly better than those
results of the ADAM1 model.

ADAMI as an operational model to forecast dust
events in Korea Meteorological Administration (KMA)
since 2003 has been used mainly to forecast dust events
over the Korean Peninsula during the spring season when
the frequency of the observed Asian dust events in Korea
is highest. The model, therefore, uses a rather small
domain (60-20°N and 95-150°E; Fig. 1) with fixed land
use types. However, many Asian countries that do not
have their own dust prediction models want to use the
results of the ADAM model. This calls for an expansion of
the model domain (Fig. 1) and for a model that can be run
the whole year round since Asian dusts occur all year
round somewhere in Asian dust source regions. Therefore,
some parameters in the ADAM model should be changed
to yield more accurate results in predicting Asian dust
events in Asia.

One of the most important controlling factors for dust
emission and intensity is the reduction of vegetation in the
source region over time. However, all the ADAM models
mentioned above use time-independent emission reduction
factors in the source regions, estimated by the United States
Geological Survey (USGS) land-use types even though
emission reduction factors can be changed along with
changes in the surface properties, caused by the growth of
grasses and trees and the expansion of cultivated land in the
source regions.

Recently, the remote sensing has been applied to
monitor the desertification and to access the amount of
the vegetation in arid and semi-arid regions (Huang and
Siegert 2006; Tucker et al. 1991). Satellite vegetation
monitoring using red and near-infrared channels has been
one of the most widely used indices of change of
vegetation coverage (Telesca and Lasaponara 2006). The
Normalized Difference Vegetation Index (NDVI) is known
to correlate highly with green biomass and the leaf area
index (Wu and Liu 2000; Lu et al. 2005; Wang et al.
2005). Also, the number of dust storm days is known to
have a correlation with NDVI in spring, especially in
Central and East Inner Mongolia in their inter-annual
variation (Zou and Zhai 2004). Consequently, the NDVI
data have been widely used for characterizing surface
vegetation status (Kerr and Ostrovsky 2003; Thaim 2003;
Weiss et al. 2004; Pettorelli et al. 2005; Telesca and
Lasaponara 20006).

The purpose of this study is to re-delineate the dust
source region in the extended model domain (Fig. 1)
using the routinely (3 hourly) available World Meteoro-
logical Organization (WMO) surface reporting data, to
determine the upper limit of the NDVI value for dust
emission and to develop time-dependent dust emission
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Fig. 1 The model domain and
the distribution of WMO syn-
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reduction parameter with the use of spot/vegetation NDVI
data for the period of 1998-2006. These results are used
for the development of the ADAM2 model on the basis of
the ADAMI1 model. The potential of the ADAM2 model
for the use of the Asian dust forecasting model is tested by
simulating Asian dust events observed in Asia for the
periods of 29 March to 2 April 2007 and of 29-31
December 2007.

2 Data
2.1 Normalized difference vegetation index

Spot/vegetation product of Maximum Value Composite
Syntheses acquired in a 10-day period in a spatial
resolution of 1x1 km? in the Asian domain in Fig.1 is
obtained from the site http:/free.vgt.vito.be/.

The Spot 4 satellite has four vegetation spectral bands:
the blue (BLU: 0.43-0.47 um), the red (RED: 0.61-
0.68 um), the near infrared (NIR: 0.78-0.89 pm), and
MIR (1.58-1.75 ym).

The NDVI from Spotd/vegetation satellite datasets is
defined as:

NIR — RED

NDVI = ————
NIR + RED

with the pixel brightness count in the sea area being set to
0. The detailed NDVI datasets are given in Duchmin et al.
(2000).

T T T T T T T
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2.2 WMO synoptic data

Three-hourly reports of present weather, weather codes
of 07 (blowing sand) and 08 (dust whirl) and wind
speed at the WMO regular reporting stations in the
domain of 70-150°E and 5-60°N (Fig. 1) for 9 years from
1998 to 2006 have been analyzed to identify occurrence
locations and frequencies of Asian dust storms and dust
rises. There are 821 regular reporting stations in the study
domain (Fig. 1).

3 Model description
3.1 Meteorological model

The meteorological model used in this study is the fifth
generation mesoscale model of non-hydrostatic version
(MMS5, Pennsylvania State University/National Center for
Atmospheric Research) defined in the x, y, and ¢ coordinate
(Grell et al. 1994; Dudhia et al. 1998).

The model domain (Fig. 1) has a horizontal resolution of
30 km and 25 vertical layers including major Asian dust
source regions (Fig. 2).

3.2 ADAM model
The ADAM model is an Eulerian dust transport model that

includes the specifications of the dust source regions,
delineated by the statistical analysis of the WMO dust
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Fig. 2 The spatial distribution
of the total number of dust rise
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reporting data and the statistically derived dust emission
conditions in sand, Gobi, loess, and mixed soil surface in
the domain indicated by the inner rectangle in Fig. 1. The
dust emission flux in the ADAM model is assumed to be
proportional to the fourth power of the friction velocity and
modified by the land use types in each source grid region.
The ADAM model uses the suspended particle-size
distribution parameterized by the several log-normal dis-
tributions of the soil particle-size distribution in the source
regions, based on the concept of the minimally and fully
dispersed particle-size distribution. It has 11 sizes of bins
with near the same logarithm interval for particles of 0.15-
37 pum in radius. The detailed description on the ADAM
model is given in Park and In (2003) and Park and Lee
(2004).

This ADAM model was modified to the ADAMI
model with the use of the observed meteorological
parameters in the dust source regions and then to the
ADAM?2 model with the parameterized emission reduc-
tion factor using the NDVI data in the extended domain
in Fig. 1.

4 The use of NDVI data for the modification of ADAM
4.1 Re-delineation of Asian dust source regions
The method to delineate the Asian dust source regions is

the same as in Park and In (2003) except for the extended
region. Figure 2 shows the spatial distribution of the total
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number of dust rise reporting days for 9 years from 1998 to
2006. The horizontal distribution pattern of the dust
occurrence frequency shows maxima at the Tengger Desert
(103.0-106.0°E, 38.5-39.6 °N), Badain Jaran Desert (100.0-
104.0°E, 39.5-41.3°N), and Mu Us Desert (108.0-110.0°E,
38.0-39.0°N), Taklamakan Desert (76-88°E, 36.5-41.0°N),
the northwestern part of India and the most parts of
Mongolia. However, there is an increasing trend toward
northeastward over the northeastern part of Inner Mongolia,
Liaoning, and Jilin Province in China (not shown). This
might be due to the desertification in the northeastern part
of China. The horizontal distribution of the total number of
dust rise occurrence days at a site, more than 14 days
during last 9 years (Fig. 2) is used as the dust source
regions. The choice of the dust rise occurrence frequency of
14 days per site for 9 years (1.6 days per year), which is
equivalent to about 9% of the mean dust rise occurrence
frequency (about 149 days per site for 9 years) at a site in
the source region, is to reduce the dust rise reporting errors
near the dust source regions.

However, the dust storms include not only the dust
rise but also the blowing dust, so that Fig. 2 may not
represent dust emission source regions. To delineate the
emission source region of Asian dust, the soil-type map
in the analysis domain has been introduced as in Park
and In (2003). Figure 2 shows the spatial distribution of
four different types of surface soils (Gobi, sand, loess, and
mixed soil) in the dust emission regions that are identified
with the soil-type map (Yi and Yaokun 1986) of each
country.
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Fig. 3 The spatial distribution
of surface soil types (/ Gobi, 2
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There are 167 regular reporting stations in the Asian dust
source region of which 24, 29, 35, and 79 stations are
located in the Gobi, sand, loess, and mixed soil regions,
respectively (Figs. 2 and 3).

The 3-hourly reporting data at these stations are used to
determine the dust emission conditions. Table 1 shows the
total number of dust occurrence frequency in each month

90
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and each surface soil type of the dust source region for
9 years (1998-2000).

Table 1 clearly indicates that the monthly variation of
the dust occurrence frequency in the source region varies
with the surface soil type. In the Gobi region, the monthly
maximum dust occurrence frequency of 5.5/month/site
occurs in April and then it decreases with time to a

Table 1 Total number of dust occurrence frequency in the source region for 9 years (1998-2006)

Month Soil Gobi Sand Loess Mixed
Site 24 29 35 79

1 121 (5.0) 92 (3.2) 69 (2.0) 145 (1.8)
2 324 (13.5) 305 (10.5) 81 (2.3) 268 (3.4)
3 533 (22.2) 760 (26.2) 525 (15.0) 759 (9.6)
4 1,193 (49.7) 1,442 (49.7) 706 (20.2) 1,367 (17.3)
5 612 (25.5) 1,846 (63.6) 420 (12.0) 822 (10.4)
6 354 (14.7) 1,601 (55.2) 227 (6.5) 300 (3.8)
7 253 (10.6) 1,177 (40.6) 54 (1.5) 76 (1.0)
8 168 (7.0) 607 (20.9) 10 (0.3) 124 (1.6)
9 195 (8.1) 191 (6.6) 12 (0.3) 236 (3.0)
10 211 (8.8) 74 (2.6) 20 (0.6) 186 (2.4)
11 171 (7.1) 85 (2.9) 50 (1.4) 168 (2.1)
12 141 (5.9) 90 (3.1) 37 (1.1) 131 (1.7)
Mean occurrence/year/site 19.8 31.7 7.0 6.5
Total area (km?) 8.316x10° 1.482x10° 1.044x10° 3.62x10°

The number in the parenthesis
indicated

indicates the average occurrence frequency per site for nine years. The area covering for each soil type is also

@ Springer



196

S.-U. Park et al.

minimum value of 0.6/month/site in next January. A
relatively high dust occurrence frequency is seen in
summer and autumn in the Gobi region. The annual mean
dust occurrence frequency in the Gobi region is 19.8 per
site.

In the sand region, the monthly mean maximum dust
occurrence frequency of 7.1/year/site occurs in May and
then it decreases rather quickly to reach minimum frequen-
cy of 0.3/year/site in October. The annual mean dust
occurrence frequency (31.7/year/site) is the largest in the
sand region compared with those in all other soil-type
regions eventhough the dust occurrence frequency from
October to next January is rather small.

In the loess and the mixed soil regions, the dust
occurrence is mainly confined in the period of March
through June with a maximum frequency in April in both
regions. The annual mean dust occurrence frequencies
are 7.0 and 6.5 per site in the loess and the mixed soil-
type regions, respectively. These are rather smaller than
those in the Gobi (19.8 per site) and sand (31.7 per site)

a) GoBI [1,2,11,12] b) sAND [1-~3,11,12]

regions. This may be attributed to the crop land and the
desertified grass/crop land in the loess and the mixed soil
regions. During the winter, the frozen soil in the loess
and mixed soil regions prevents the dust from rising
while the growth of crops and/or grass after June makes
it difficult to raise dust, resulting in a low dust
occurrence frequency.

4.2 The threshold wind speed for the dust rise at each
different surface soil type

The occurrence frequencies of wind speed, dust rise with
respect to the wind speed, the ratio of the occurrence
frequency of dust rise to that of the wind speed, and the
normalized cumulative ratio of the occurrence frequency of
the dust rise to that of the wind speed with respect to the
wind speed in various soil-type regions are examined for
each month for the period of 9 years (1998-2006). The
threshold wind speed is defined as the wind speed at the
normalized cumulative ratio of the dust occurrence fre-
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Fig. 4 Occurrence (shaded bar) and percent frequencies (hatched
bar) of the wind speed, dust rise, percent ratio of the occurrence
frequency of dust rise to that of wind speed and the normalized
cumulative dust occurrence percentage with respective to the wind
speed in the interval of 1 ms™' for the period of a January, February,
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November, and December in the Gobi; b January to March and
November and December in sand; ¢ January through March in the
loess; and d January to March and September through December in
the mixed-soil regions
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Table 2 Monthly variations of the threshold wind speed (m s') in Table 3 The free NDVI value (FNV) in each soil-type region
each soil-type region
Soil Type Gobi Sand Loess Mixed
Month Soil Gobi Sand Loess Mixed
FNV 0.09 0.21 0.19 0.17
8.0 7.5 6.0 7.5
1
8.0 7.5 6.0 7.5
2
7.0 7.5 6.0 7.5 year. Therefore, the threshold wind speed is estimated
3 with occurrence frequencies of the wind speed and the
4 70 6.0 33 6.0 dust rise for several months rather than for each month in
7.0 6.0 5.0 6.0 each soil-type region.
5 Figure 4 shows occurrence and percent frequencies of
7.0 6.0 5.0 6.0 wind speed, dust rise, the percent ratio of the occurrence
6 70 6.0 B 6.0 frequency of dust rise to that of the wind speed, and the
7 normalized cumulative dust occurrence percentage with
7.0 6.0 - 6.0 respect to the wind speed in an interval of 1 ms ' in the
8 months of January, February, November, and December
9 70 6.0 B 73 in the Gobi region (Fig. 4a), January to March, November
7.0 6.0 _ 75 and December in the sand region (Fig. 4b), January to
10 March in the loess region (Fig. 4c), and January to
8.0 7.5 7.5 7.5 March, September to December in the mixed soil-type
1 8.0 75 75 75 region (Fig. 4d). The threshold wind speeds estimated
12 by using the above mentioned criteria yield 8.0, 7.5,
9.5 7.5 6.0 9.2 6.0, and 7.5 ms ! in the Gobi, sand, loess, and mixed soil
ADAM

The value used in the ADAM model is also listed

quency being 3.5% (Park and In 2003). This means that the
threshold wind speed for the dust rise larger than 1.95
standard deviation of the dust rise probability function is
considered to be erroneous data.

The estimated monthly threshold wind speed shows a
nearly the same value for a certain time period of the

Fig. 5 Monthly variations of 1.0

region, respectively.

The same method is applied to the other months for the
different soil types. The results are given in Table 2.

The threshold wind speed in the loess region for the
period of July to October cannot be resolved due to very
few dust rise occurrence frequencies (Table 1). The
presently estimated threshold wind speeds in the Gobi
and the mixed soil-type region are 1.5-3 ms™' lower than
those values used in ADAM (Park and In 2003; Park
and Lee 2005) that is used as an operational model in
KMA.

the upper limit value of NDVI
determined by the threshold
wind speed (solid lines) and by
the dust occurrence frequency
(dashed lines) in the Gobi (filled
circle, empty circle), sand (filled
triangle, empty triangle), loess
(filled square, empty square),
and mixed soil (filled square,
empty square) regions

Monthly Upper Limit NDVI
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Fig. 6 Normalized percent occurrence frequencies of a the wind
speed exceeding the threshold wind speed, b dust rises, ¢ percent ratio
of b to a, and d the cumulative dust occurrence probability function in

Fig. 7 The spatial distribution
of NDVI averaged for the period
from 21 March to 10 April for
9 years (1998-2006)
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the Gobi (G), sand (S), loess(L), and mixed (M) soil-type region. The
cubic spline fitted cumulative dust occurrence probability functions
with R? values are indicated in d

Average NDVI 21 March to 10 April for 9 years
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4.3 Monthly variation of the upper limit value of NDVI
in the Asian dust source region

The NDVI values obtained from spot/vegetation product in
the Asian dust source region (Fig. 3) are used for the
analysis. From these data, nine NDVI values of data
centered at each WMO surface-reporting station are
retrieved for 9 years from 1998 to 2006 to find occurrence
frequency of the NDVI value with respective to the NDVI
value in an interval of 0.01 in each surface soil-type region
(Fig. 3). Among these data, the NDVI data are chosen
when the wind speed reported at that station exceeds the
threshold wind speed in Table 2, and then the distribution

of the occurrence frequency of the NDVI value with respect
to the NDVI value in an interval of 0.01 is made for each
month. The occurrence frequency of the NDVI value in
each interval is normalized by dividing the total number of
occurrence frequency in the whole range of the NDVI
value. The upper limit value of NDVI is determined as the
NDVI value at the normalized cumulative NDVI occur-
rence frequency being 99% for each month in each surface
soil-type region.

Figure 5 shows the monthly variation of the mean
upper limit value of NDVI in different soil-type regions.
During the winter from November to March, the upper
limit value of NDVI is almost constant in each soil-type
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Fig. 9 Time series of the
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region with the minimum of 0.15 in the Gobi region,
whereas the maximum value of 0.32 in the loess region.
As the season progresses, the upper limit value of
NDVI becomes large to reach a maximum value of 0.61
in July and August in the Gobi region, 0.70 in August
in the sand region, 0.83 in August in the loess region,
and 0.81 in July in the mixed soil region. This might be
associated with the growth of vegetation in these
regions.

Similar analyses have been done for the dust occur-
rence with respect to the NDVI value in the interval of
0.01. The result is also shown in Fig. 5 as dashed lines.
The upper limit value of NDVI for the dust occurrence
varies quite similarly with that for the NDVI occurrence
frequency (solid lines in Fig. 5) but much lower value of
NDVI during the vegetation growing season in each
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soil-type region. However, the upper limit value of NDVI
for the dust occurrence in the loess region cannot be
resolved during the summer season due to the lack of
dust occurrence frequency data. This implies that the
probability of dust occurrence in the loess region during
the summer is very small.

It is worthwhile to note that during the winter time
when the vegetation is rare (or bare soil) the upper limit
value of NDVI for the dust occurrence is minimum.
However, this minimum value varies with the surface
soil type. This allows defining the “free NDVI value
(FNV)” for each soil type. In other word, it means the
upper limit value of NDVI for the dust occurrence
without the impact of the vegetation. Table 3 shows the
free NDVI value for the dust occurrence in each soil-type
region.
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Fig. 10 Time series of the ADAM2(thick solid line) and observed (broken line) PM,, concentration (ug m ) at a Jurihe, b Wulatezhongqi, ¢
Dongsheng, d Yushi, e Yanan, and f Tongliao in China for the period 30 March-1 April 2007

4.4 The parameterization of the dust emission reduction
factor using the NDVI value

The vegetation in the dust source region reduces the
occurrence of the dust events (Fig. 5). The impact of
vegetation on the dust occurrence can be estimated by
analyzing the occurrence frequencies of the NDVI value
and the dust rise in the NDVI range from the FNV
(Table 3) to the upper limit value of NDVI (UNV) for the
dust occurrence (Fig. 5).

Figure 6 shows, for one example, the procedure to get
the dust occurrence probability function (P,) affected by the
vegetation in each soil-type region in May. We construct
the distributions of the normalized NDVI occurrence
frequency that exceeds the threshold wind speed (Fig. 6
(G-a)) and the normalized the dust occurrence frequency
(Fig. 6 (G-b)) in the range from FNV to the upper limit
value of NDVI for the dust occurrence (UNV) in the
interval of 0.01. And then the dust occurrence probability
function (Fig. 6 (G-¢)) is calculated by dividing the distri-
bution function of the normalized dust occurrence freq-

uency (Fig. 6 (G-b)) by that of the normalized NDVI
occurrence frequency (Fig. 6 (G-a)). And then the resulting
distribution is normalized by dividing the total sum of
the percentage distribution from FNV to UNV in Fig. 6
(G-¢c). The probability density function (Fig. 6 (G-d))
affected by vegetation is obtained from the cumulative
probability function of the dust occurrence probability
function in Fig. 6 (G-c). The analytical dust occurrence
probability density function (P) is obtained by fitting a
cubic spline function to the distribution of the cumula-
tive probability density function to satisfy the conditions
of Pp=1 at FNV and P,=0 at UNV. This function is shown
in Fig. 6 (G-d) in the Gobi region. The same method has
been employed in other soil-type regions (Fig. 6 (S, L, and
M) to get the function Py.
Thus the dust emission reduction factor R is given by

0 forNDVI < FNV
R=4¢1—-Py forFNV<NDVI< UNV (1)
1 forNDVI > UNV
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Fig. 11 Time series of observed (thick solid line) and modeled (dotted
line) wind speed (m s 1), relative humidity (%), temperature (°C),
surface pressure (hPa), and 3-h accumulated precipitation (mm) at a
Duolun, b Yulin, and ¢ Zhangye in the Asian dust source region for

The statistically determined dust occurrence probability
density function in the NDVI range from FNV to UNV
with the R? value are given in the Appendix. This allows us
to run the model all year round using the different reduction
factor in each month in each soil-type region that is not
available in the ADAM model.

5 Simulations of Asian dust events observed on 31
March to 2 April and 29-31 December 2007 in Korea
with the modified ADAM model (ADAM?2)

The ADAMI1 model (Park and Lee, 2005) has been
modified to the “ADAM?2 model” with presently developed
emission reduction factors derived from NDVI value in
Appendix and the renewed threshold wind speed (Table 2)
in the extended model domain (Fig. 1).
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the period 30 March to 2 April 2007. The horizontal line in the wind
speed is the threshold wind speed and that in the relative humidity is
the upper limit value of the dust rise

5.1 The Asian dust event observed on 31 March to 2 April
2007 (a spring dust event)

The ADAM?2 model has simulated an Asian dust event
observed in Korea on 31 March to 2 April 2007 with the
use of the NDVI distribution averaged for the period of 20
March to 10 April for 9 years (1998-2006) in the Asian dust
source region. The spatial distribution of averaged NDVI
for this period is given in Fig. 7 and that of the emission
reduction factor due to vegetation estimated by Eq. 1 with
the use of the empirical equation in the Appendix in the
Asian dust source region is given in Fig. 8.

Much of the Asian dust source regions during this time
period show the NDVI value less than 0.2 except in
Northern India where the NDVI value is larger than 0.6
(Fig. 7). Consequently, the emission reduction factor due
to vegetation is almost negligible in most parts of the
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Fig. 12 The spatial distributions of a NDVI and b reduction factor
averaged for the month of December for 9 years (1998-2006)

source region in Northern China while most of dust
emission regions in Northern India and small fractions of
the southeastern part of Mongolia over the sand desert
area and the central eastern part of China over the loess
and mixed soil region can be suppressed by vegetation
(Fig. 8).

Figure 9 shows time series of observed and simulated
PM,, concentrations for this dust event at several sites in
Korea (Fig. 8). The simulation has been done with the
ADAMI1 model (thin solid line in Fig. 9) and the ADAM2
model (thick solid line in Fig. 9). Both models success-
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Fig. 13 Time series of observed (thick solid line) and modeled
(broken line) PMj, concentration (g m ) at a Seoul, b Anmyundo, ¢
Ganghwa, and d Chuncheon in Korea for the period 29-31 December
2007

fully simulate the starting time of the Asian dust event
observed in Korea. However, the ADAMI1 model cannot
simulate the duration period of the Asian dust event
observed in Korea, whereas the presently modified
ADAM?2 model simulates quite well the first peak
concentration but the second maximum peak concentra-
tion is much underestimated at all sites with a little short
time duration period of the dust event (Fig. 9).

Figure 10 shows time series of observed and simulated
PM, concentration at several sites in the dust source region
of China (Fig. 8). There are so many missing and/or
incorrect data in the observed PM;, concentrations in the
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Fig. 14 The same as in Fig. 10 except for the period 27-30 December 2007

source region that it is difficult for the model result to be
compared with observations. However, there are similar
time variations between the modeled and observed PM;,
concentration in the source regions.

Meteorological variables obtained from the monitor-
ing towers in the dust source regions (Fig. 8) are
compared with the model results and given in Fig. 11. The
10-min averaged wind speed, relative humidity, and
temperature (Figs. 1la-c) are obtained at the height of
16 m from the 20-m monitoring tower. These data are
averaged by taking a 1 h running mean. The results are
compared with the results of the lowest level of the model
(about 15 m above the ground). Both the modeled and the
observed surface pressure (Fig.11d) are taken at the
surface and the precipitation (Fig. 11e) is the 3-h accumu-
lated amount.

The MMS5 simulated wind speed, temperature, and
pressure are quite similar to those observations at Duolun
(Fig. 11a) but the model overestimates the relative humidity
and the occurrence frequency of precipitation. The tower
observed meteorological data satisfy the dust emission
conditions for the time period of 08:00-12:00 Coordinated
Universal Time (UTC) on 30 March but the model fails to
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dust emission for this time period due to overestimation of
relative humidity.

At Yulin (Fig. 11b), the model simulates quite well the
temperature and surface pressure but overestimates the
relative humidity and the occurrence frequency of
precipitation, whereas the wind speed is slightly under-
estimated. The dust emission conditions are satisfied
by the observed meteorological fields for the periods of
08:00-18:00 UTC on 30 March and 18:00 UTC on 31
March to 12:00 UTC on 1 April. However, the model
satisfies the dust emission conditions for the periods of
08:00-12:00 UTC on 30 March and 00:00-12:00 UTC on
1 April. Due to the overestimated relative humidity by the
model, the dust emission period simulated by the model is
shorter than that of the observation (Fig. 11b).

At Zhangye (Fig. 11c), the model simulates quite well
the surface pressure and wind speed. However, the relative
humidity and precipitation frequency are highly overesti-
mated. On the other hand, the simulated temperature is
underestimated. However, both the model and observation
satisfy the dust emission conditions for the periods of
01:00-03:00 UTC on 31 March and 01:00-04:00 UTC on 1
April.
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Fig. 15 The same as in Fig. 11 except for a Duolun, b Yulin, and ¢ Naiman for the period 27-31 December 2007

5.2 The Asian dust event observed on 29-31 December
2007 (a winter dust event)

The performance test of the ADAM2 has been conducted
for an Asian dust event occurred during the winter (29-31
December 2007).

The spatial distributions of averaged NDVI for the
month of December for 9 years (1998-2006) and the
corresponding emission reduction factor due to vegetation
in the source region are given in Fig. 12.

The most of Asian dust source regions in December
(Fig. 12a) shows the NDVI value <0.15 which is slightly
lower than that in spring (Fig. 7). Consequently, the dust
emission reduction due to vegetation is almost negligible in
most parts of the source region (Fig. 12b) except in the sub-
tropical region of Northern India where the dust emission is
largely suppressed by vegetation.

Figure 13 compares the observed surface PM;, con-
centration at several monitoring sites in Korea (Fig. 8)
with the simulated one by the ADAM2 model simulated

PM;, concentration. The model simulates almost the
same magnitude of the observed PM,, concentration at
all monitoring sites in Korea. However, the starting time
of the Asian dust event in Korea is lagged about 3-4 h
(likewise the peak concentration occurring time). This is
attributed to the rather slow movement of a dust-loaded
synoptic system in the dust-source region toward the
Korean peninsula (not shown here), suggesting the
importance of accurate simulation of meteorological fields.

Figure 14 shows the simulated and observed surface
PM, concentration at several sites in the dust source region
of China (Fig. 8). The model simulates quite well the time
variation of the observed PM,, concentration at all sites in
China. However, the model slightly overestimates the first
PM;, concentration peak at all monitoring sites except at
Jurihe (Fig. 14a) where the PM;, concentration is slightly
underestimated.

Figure 15 shows tower measurements of meteorological
fields with the model results in the dust source region for
the period of 27-31 December 2007.
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At Duolun (Fig. 15a), the model simulates quite well the
relative humidity, temperature, and surface pressure with
slightly overestimated wind speed. The model produces
falsely precipitation for the period of 15:00-24:00 UTC on
27 December. The model satisfies the dust emission
conditions for a short time period from 01:00-04:00 UTC
on 28 December but there is no time period to satisfy the
dust emission conditions in the observed data.

At Yulin (Fig. 15b), the model simulates quite well the
surface pressure and precipitation but slightly underesti-
mates the temperature. The wind speed and the relative
humidity are slightly overestimated. There are two periods
to satisfy the dust emission conditions. One is from
10:00 UTC to 14:00 UTC on 27 December and the other
from 01:00-06:00 UTC on 29 December in the observed
data whereas the modeled data shows that the first one is
lagged by 3 h and the second one occurs almost the same
time period.

At Naiman (Fig. 15c), the model successfully simulates
the surface pressure but slightly overestimates the wind
speed, relative humidity, and the precipitation occurrence
frequency. The temperature is slightly underestimated.
Both the observed and modeled data satisfy the dust
emission condition for the period of 01:00-04:00 UTC on
30 December.

6 Summary and conclusions

The operational ADAMI1 in KMA has been modified to
the ADAM2 model. The modification has been done by
re-delineating the Asian dust source region in the extended
model domain (70-160°E and 5-60°N), with the temporal
variations of the threshold wind speed for the dust rise
in each soil-type region using the routinely available
WMO surface reporting data and the parameterized time-
dependent dust emission reduction factor due to the
vegetation with the use of spot/vegetation NDVI data for
the period of 1998-2006. The modified-ADAM2 model
has been implemented to simulate Asian dust events
observed in Korea for the periods of 31 March to 2 April
2007 (a spring dust event) and 27-31 December 2007
(a winter dust event) when the observed PM; o concentration
at some monitoring sites in the source region exceeded
9,000 pug m °.

It is found that the threshold wind speed for the dust rise
varies significantly with time and surface soil types with the
highest threshold wind speed (8.0 ms™") in the Gobi region
and the lowest (6.0 ms™') in the Loess region. In all
different soil-type regions, the threshold wind speed during
the winter time is found to be stronger than that during the
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summer time, suggesting the importance of the convective
velocity for the dust rise in summer.

The statistical analysis of the spot/vegetation NDVI data
is able to determine the FNV which is defined as the NDVI
value without the effect of vegetation in different soil-type
regions and the UNV for the dust rise. The statistically
obtained FNVs are found to be 0.09, 0.21, 0.19, and 0.17 in
Gobi, sand, loess, and mixed soil regions, respectively.
However, UNVs vary according to the growth of vegetation
in each soil-type region. The dust emission reduction factor
due to vegetation that is derived from the 24 categories of
the USGS land-use types and used as a fixed value in time
in the ADAMI1 model (Park and In, 2003; Park and Lee,
2004), is parameterized with the use of the dust occurrence
probability function derived from the values of FNV and
UNV for the dust rise in each soil-type region. This
enables to run the model all year round with time-
dependent different emission reduction factor in each soil-
type region.

The presently modified ADAM2 model is found to
simulate quite well the starting time and the first peak
PMjo concentration of the Asian dust event in spring
observed in Korea. However, the second maximum PM;,
concentration observed in Korea is underestimated due
to the failure of the correct simulation of the meteoro-
logical fields. However, the dust concentration in the
dust source region is found to be simulated quite well.
The dust event in winter (27-31 December 2007) is
found to be well simulated by the ADAM2 model in
terms of dust concentrations in the dust source region of
China and the downstream region of Korea. However, the
starting time of the dust event in the downstream region
of Korea is lagged by 3-4 h due to the slow movement of
a dust loaded synoptic system. This suggests that the
ADAM?2 model has a great potential to be used as an
operational forecasting model in Asia provided more
accurate meteorological fields.

The present study mainly pertains to the modification
of the ADAMI1 model to the ADAM?2 model by renewing
the time-dependent threshold wind speed and the dust
emission reduction factor due to vegetation so as to be
able to run the model all year round in the Asian domain.
More accurate prediction of the dust concentration requires
a proper parameterization of dust emission processes. This
is now on hand.
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Appendix The dust occurrence probability density function (Py = ag + a1x 4 a»x*> + azx’) with the R? value, free NDVI value (FNV) and
upper limit value of NDVI for dust occurrence (UNV) in the Gobi, Sand, Loess, and mixed-soil region

Soil type .
Gobi Sand
Month Po R> | FNV | UNV Po R> | FNV | UNV
1 — — 0.09 | 0.09 — — 021 | 021
2 — — 0.09 | 0.09 — — 021 | 021
3 — — 0.09 | 0.09 — — 021 | 021
ap=-38.55,a,=1162.90 ap=211.71,a,=-2533.77
4 a=-11130.01,a5=34351.49 ! 0.09 1 013 1 011324.05=13455.69 I 021 | 0.27
a9p=4.81,a,=-73.96 a9p=33.79,a,=-345.72
> w=t3195amg7a08 | 007 | 0091 0B gy gamizzs0 | 1| 020 | 033
a0=1.63,2,=-9.87 0=39.55,a,=-428.18
6 a,=31.59,a;=-38.20 0.99 0.09 047 a,=1567.02,a3=-1917.57 0.99 021 0.33
ap=1.22,a;=-4.14 a=31.91,,=-327.05
7 145175 098 | 009 | 051 | 0 g | 098 | 021 | 035
ap=1.43,a,=-7.56 ap=-7.41,a;=116.19
8 2 40 a5 099 | 009 | 047 198,96 2165003 097 | 021 | 035
ap=1.11,a;=-1.51 ap=11.38,2,=-92.24
9 0200654 097 | 009 | 041 25260023599 098 | 0.21 0.35
ap=1.76,a;=-14.62 0=22.89,a;=-236.80
10 8077 4 168,20 099 | 009 | 031 st S0a 100610 | 096 | 021 0.35
ap=-17.38,a,=508.92
11 153262 01274925 1 0.09 | 0.15 — — 021 | 021
12 — — 0.09 | 0.09 — — 0.21 0.21
Soil type .
Loess Mixed
Month P, R> | FNV | UNV P, R> | FNV | UNV
1 — — 0.19 | 0.19 — — 0.17 | 0.17
2 — — 0.19 | 0.19 — — 0.17 | 0.17
3 — — 0.19 | 0.19 — — 017 | 0.17
ag=-12.61,2,=196.99 a0=467.35,a,=-3984.56
4 a,=-907.35,a3=1303.86 1 0.19 0.29 a,=14286.50,a3=-21047.23 0.97 0.17 0.29
a0=-0.05,2,=28.43 a=1.62,,=-1.08
5 e 169,37 222,90 097 | 0.19 | 035 20,85 033,86 099 | 0.17 | 045
a0=6.66,a1=-51.04 ag=2.31,a1=-9.80
6 a,=134.24,a3=-120.59 1 0.19 041 a,=14.62,a;=-8.14 0.99 0.17 0.55
3.0=2.13,a]=-10.07
7 — — 0.19 — 2668 25,03 098 | 0.17 | 055
a9=0.45,a2,=6.70
8 — — 0.19 — 23 181788 098 | 0.17 | 059
20=0.68,2;=4.96
9 — — 0.19 — a1 31 A1 56 099 | 0.17 | 051
a9=3.87,2,=-28.96
10 — — 0.19 — S8.75 10472 099 | 017 | 037
a9=7.68,a;=-82.42 20=9.81,a;=-116.90
1 w=344.00a=-528.60 | 003 | 0191 029 1 Csi0esa7arz0 | 098 | 017 | 033
12 — — 0.19 | 0.19 — — 0.17 | 0.17
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