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Problems in Climatology of Dust Storm and its Relation to Human

Activities in Northwest China

YOSHINO Masatoshi*

This review paper deals with the recent works on dust storm climatology and the related human activities
in Northwest China. Dust storms are grouped into four classes, which are defined in regard to wind velocity
and visibility. The most severe class “extra-heavy”, has a visibility of less than 50m and a maximum wind
velocity of more than 25m/sec. Many monographs and collected papers on dust storms, desertification
and related conditions have been published in the 1990's. From the standpoints of climatology, meteo-
rology, geomorphology, geology, vegetation science and soil science, as well as human geography, some
important results have been introduced in this paper. Studies on the status of the source region and the
occurrence of dust storms in Xinjiang, the development and shifting of dust storm systems in the Hexi
Corridor of Gansu, the movement and transport of dust and the spread of dust in East Asia are reviewed.

Human dimensions are of importance since wind damage results in higher amount of economic losses.
In particular, these economic losses have been mone in La Nifia years than in the El Nifio years. For
farmers in oases, increasing income is one of the most important means of decreasing or weakening the
serious impact of dust storms in desertified areas, through reducing collection of firewood and increasing

use of coal.

Key Words: Desertification, Dust storm, Kara-bran, Natural hazard, Wind damage

1. Introduction

Dust storms are one of the most important elements of
the climate and environment in the arid regions of China.
In particular, the occurrence of dust storms and their
impact on human lives can be observed in every year
(Yoshino, 1992, 1997). A review of the results of recent
studies has led to a summary of problems caused by dust
storms. This revised, expanded paper was read at the
“Third Symposium on Aeolian Dust Originating from
Arid and Semiarid Lands” held at the Institute of Physical
and Chemical Research (RIKEN) on 24 September, 1998
(Yoshino, 1998).

The region under discussion and the names of mountain
ranges, basins, deserts and oases, are shown in Fig. 1.

2. Definition of Dust Storm

The dust storm classification is as follows: “light”:
visibility is 500-1,000m and wind force is 4-5 (wind
velocity is more than 10m/sec), “moderate”: visibility is
500-1,000m but wind force is 6-7 (wind velocity is more
than 17m/sec), “heavy”: visibility is less than 500m and
wind force is more than 8 (wind velocity is more than
20m/sec), and “extra-heavy™ even though the definition
differs according to provinces (regions), agencies
(offices, departments) or researchers, it is generally
visibility of less than 50m and maximum wind velocity of
more than 25m/sec, or wind force of more than 10 (wind
velocity is more than 22m/sec).
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Fig. 1. Sketch map of the Xinjiang and part of the Gansu region, observation stations and oases.

3. Recent Studies

1) Monographs

A comprehensive monograph on “Kosa”(yellow sand)
was published in Japanese in the early 1990’s (Nagoya
University, Research Institute for Hydrosphere, 1991). It
contained chapters dealing with dust storm transport. Xia
and Yang (1996) published a comprehensive monograph
on dust storm damage and countermeasures in the
northwestern parts of China. The authors concluded that
factors such as overdevelopment, heavy deforestation,
destruction of vegetation, overgrazing, inadequate use of
water resources, changes in drainage patterns, intensifi-
cation of the deterioration of vegetation and wind erosion
due to drainage pattern changes, construction of trans-
portation networks such as railways and roads, changes
in ground surfaces to produce oil and mineral resources
have been contributing to the development and increased
occurrence of dust storms (Chao, 1984). Details will be
mentioned later in the respective chapter.

Fang ef al. (1997) published a volume of collected
papers of studies on sand and dust storms in China. It
contains many new results of recent studies, which will

be separately cited later.

In a monograph on desertification in China, Yoshino
(1997) dealt climatologically with the occurrences of dust
storms and the impact on/by human activities, in particu-
lar agricultural land use in the oases.

In a monograph on the Quaternary glacier and environ-
mental research in West China (Chinese Research
Center for Quaternary Glacier and Environment, and
Chinese Committee on Quaternary Research, 1991),
much information was presented regarding paleoclimates
and paleoenvironments, including 39 papers on dust fall,
paleo-aeolian and depositions, mainly from the geological
point of view.

Chen et al. (1998) summarized the studies on aeolian
sandy soils in the arid regions of China developed by
wind-formed sandy parent materials. Such soils generally
have a sandy layer 1 meter or more in thickness, mainly
consisting of well-sorted fine sand. It was noted that the
classification of soil groups under the sandy entisol
suborder must consider differences in moisture and
temperature regimes; in other words, the moisture and
temperature regions can be used as a basis for their soil
group classification. They emphasized the importance of
the utilization of the aeolian sandy soils for consideration



together with amelioration and protection.

Wu et al. (1997) published a volume of collected papers
of his research since the 1960’s on sand movement,
aeolian landforms, and sand-driving wind. In particular,
his studies were of importance from a geomorphological
approach on the development of sand deserts in the
Zhungger Basin. It was shown that the winds in April,
May, September and October are the most influential in
the processes of sand dune movement and formation.

Agricultural ecosystems of deserts and oases were
studied intensively by Li et al. (1998). The direct impact
of dust storms on the ecosystem was not dealt with, but
the results of the studies contribute to a basic considera-
tion of the rational utilization of water resources and the
advancement of land degradation/desertification. For
example, the area of grassland in Xinjiang is 572,670km?,
which comprises 34.4% of the total area, but it has been
decreasing very rapidly during recent years. In other
words, dust storm occurrence and the degree of severity
are rapidly increasing.

2) Synthesis papers

There are many review papers on climate change,
environmental change, desertification and the impact
on/of human activities in the arid and semi-arid regions
in China, but few on dust storms, except for the papers in
the monograph by Fang et al. (1997) mentioned above.
In this sectoion, several papers on general views written
in English are introduced. Zhao (1996) contributed a
paper dealing with climate change and sustainable
development. He pointed out the decrease of the annual
mean wind speed by 0.2-2m/sec and the decrease of the
number of days with strong winds by 3-35 days per year
over the period between the 1950’s and the 1970’s. It was
thought that these decreases might be caused by natural
climate changes, the building of shelter belts and urban-
ization surrounding observation stations.

The working group on “Operational Use of Climatolog-
ical Knowledge” by the Commission Climate (CCL) of
the WMO discussed the importance of studies on water
resources, drought and desertification in China (Li, 1996).
It was shown that the estimated glacier change (decrease)
in the past 500 years in Northwest China was 35% in
Altay, 25% in Tienshan, 23% in Pamir, 11% in Karakorum
and Kunlun, and 40% in Qiling. The Intergovernmental
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Panel on Climate Change (IPCC) included a summary of
land degradation and desertification, but did not deal with
the effect of dust storms. Regarding wind erosion effects
in arid and semi-arid regions, it was written that climate
change in the coming century is expected to lead to more
droughty soils and less vegetation due to higher evapora-
tion rates (Bullock and Le Houérou, 1996). Consequently,
it is considered that wind erosion and dust storm occur-
rence may become more frequent.

The book, “Regional Geography of Xinjiang”, Volume
10, was dedicated to a comprehensive climatography
(Xinjiang Uygur Zizhiqu, Regional Geography Editorial
Committee et al., 1995). The chapter on meteorological
disasters described the details of strong windstorms and
sandstorms. It was pointed out that sandstorms are the
most frequent in the northern and southeastern parts of
the Tarim Basin and occur for 90-110 days. In the western
part, they occur for 40-80 days, and in the remaining parts
for 15-30 days. The book chronologically described
occurrences of serious wind damage since 1761.

4. Dust Storms of the Past

1) Postglacial period

In the last 20,000 years, six stages of terrace formation
have been distinguished along the Keriya River (Kanemaki
et al., 1994; Endo et al., 1995, 1997). They occurred 16,700,
13,500, 10,000-9,500, 6,500-5,400 and 1,600 years ago
(Chao and Xia, 1992) and in recent years (Zhu, 1984). It
was assumed that aeolian activity, such as sand-dune
formation, was dominant between these periods due to
drier and warmer climate conditions. From their figure
(Fig. 8 of Kanemaki ef al., 1994), the peaks of sand-dune
periods can be interpreted as having occurred 15,600,
12,500, 8,000, 4,300, and 800 years ago. Precisely speak-
ing, aeolian activity may not correspond to dust storm
activity (frequency, intensity in time and space, efc.),
but we should pay attention to these variations during
the postglacial period. Furthermore, based on these
analyses, Endo et al. (1997) reported that the Holocene
environment was extremely arid, particularly in the last
1,500 years. If this tendency continues, we should be
cautious of increasing dust storm activity in the coming
century.

The origin and routes of aeolian dust quartz were
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studied by assuming that the values of the election spin
resonance (ESR) signal intensity reflect those of quartz in
areas along their routes (Ono, 1998; Ono et al., 1998). It
was pointed out that the northern limit of their distribu-
tion in North Japan corresponds to the position of the
subtropical westerly jet stream in summer, and the
southern limit to the position of the subtropical jet stream
in winter. It is very interesting to note that because dust
transport occurs mainly in spring, “the transitional
season” between winter and summer, aeolian quartz
distribution boundaries show a rough correspondence to
the latitudinal shifting of the axis of the jet stream on a
geological time scale. In my opinion, however, these are
positional correspondences and this does not mean that
the quartz is transported by the jet stream directly.
Quartz is transported by meteorological systems in the
lower troposphere under the influence of the upper level
jet streams, even on a paleoenvironmental time scale.

2) Historical period

In China, dust fall phenomena have been called “yiidu”
or “yiimei” and reported since around A.D. 300 (Zhang,
1982). The highest frequency of these dust falls was
occurred in April reaching 26% of the total cases. March,
February and May then followed. Secular changes reveal
that dust fall frequencies in North/East China had three
predominant peaks around A.D. 1180-1300, 1500-1710,
and 1800-1880. On the other hand, the periods of less
frequency of floods were occurred at A.D. 150-650, 1120
-1280 and 1680-1880, which imply drier and colder
periods (Fang, 1990). Therefore, it can be concluded that

L B

dust falls were frequent in the colder periods, due to the
drier climatic conditions and strong cold air flows from
the Siberian anticyclone (Zhang, 1984; Fang, 1990). The
dust fall frequency since the 15 century is given in Fig. 2,
which clearly indicates opposite tendencies between the
temperature and dust fall frequency during the recent
historical period (Zhang, 1982).

This correspondence of the dust fall frequency and dry-
cold (wet-warm) periods in a historical period is different
from the tendency of sand-dune formation in the post-
glacial periods mentioned above. The reason why they
differ can be attributed to the different time scales (geo-
logical and historical) and to the different regions (Tarim
Basin and North/East China).

5. Dust Storm Climatology

1) Distribution and recent changes of occurrence

According to a statistical report for the period 1949-
1990 (Editorial Committee “Mitigation of Natural Hazard
in Xinjiang for 40 Years”, 1993), wind damage occurred a
total of 195 times, 108 deaths, 46,000 dead animals, 4,000
damaged houses, and a total economic loss of 2,260,000
Chinese Yuan. These totals are ranked number three for
flood and hail damage in Xinjiang.

Dust storm distributions can be interpreted from the
distribution of wind damage, as shown in Fig. 3. The
most frequently affected regions are located in the
Turpan and Hami regions in the east and in the area
surrounding Altay in the north. In the Taklimakan
desert, the northern part is more frequently affected than
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Fig. 2. Secular changes in the frequency of dust fall (histo-gram), its 5-year-running mean
(broken line), and temperature index (solid line) (Zhang, 1982).



the southern part. Such patterns are different from the
distributions of the number of days with strong wind and
the observed maximum records (Yoshino, 1992).

The recent change in the amount of area damaged by
wind is striking. During the last 80 years, the area has
increased logarithmically, as shown in Fig. 4. In particular,
a tremendous increase was seen in the second half of the
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Fig. 3. Distribution of frequency of wind damage
in Xinjiang, 1949-1990.
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Fig. 4. Trend of change in wind damage area
(1,000ha) in Xinjiang, 1910-1990.
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1980’s.

The total frequencies of “heavy” and “extra-heavy” dust
storms were 5 in the 1950’s, 8 in the 1960’s, 13 in the
1970's, 14 in the 1980's and 8 in the first half of the 1990’s.
During the last 40 years, climate in oases has been
changing (Du, 1993a, b) and the frequency of dust storm
is also changing.

2) Seasonal and diurnal variation

The monthly change in the frequency of “heavy” and
“extra-heavy” dust storms observed in Northwest China
is given in Fig. 5 (Qian et al., 1997). They occur most
frequently in April, followed by May and March. This is
the spring season, in which the atmospheric circulation
changes from a winter pattern to a summer pattern; in
other words, cold air invades the upper layer of the
troposphere relatively easily and the ground surface tem-
perature increases. This results in stronger convection of
the air with cold-front movement. In an extreme case, it
causes observable severe dust storm movement with cold
front shifting as mentioned later in section 6-2) again.

Diurnal variations in the frequency of “heavy” and
“extra-heavy” sand and dust storms at Minfeng and
Hotan during the period of 1952-1992 are shown in Fig.
6. These variations occur most frequently in the hours
15-16 by Beijing time. Since longitudinal differences
between Beijing and these weather stations are 30-35
degrees, it can be said that they occur in most cases, in
hours of 13-14 by local time. The reason why the diurnal
variations occur most frequently in the early afternoon
can be attributed to the effect of convectional activities
caused by the most unstable conditions of the atmos-
phere due to the warmed ground surface.

3) Main routes and dust storm regions
The main routes of dust storm movement and the

regional division according to the frequency of occur-

7MONTH

Fig. 5. Monthly change in the number of days with “heavy”
and “extra-heavy” sand and dust storms in Northwest
China, total between 1952-1992 (Qian et al., 1997).
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rence are given in Fig. 7 Xu and Ho, 1997). The highest
frequency is seen from the Hami region to the Yuilin
region of the Ordos through the Hexi Corridor of Gansu.
The northwestern route has the most frequent occur-
rence of dust storms (76.9%). The western route is next
(15.4%). The frequency for route from the north is low
(7.7%) (Xu and Ho, 1997). The main routes represented
by thick black lines show the influence of the Tienshan

Mountain Range. The region with the highest frequency

FREQ
]

6 8 M0 12 14 16 18 20 22 24
HOR

Fig. 6. Diurnal fluctuation of set-in time of “heavy” and “extra-
heavy” sand and dust storm occurrence at Minfeng

corresponds to the driest region with an annual precipita-

tion of less than 100mm.
6. Meteorological Analysis of Dust Storm

1) Origin and routes

Present-day aeolian dust in Japan is called “Kosa”
(vellow sand), although the grain size is finer than silt.
Its origin and routes have been studied by tracing back
the trajectory of dust clouds using satellite images
(Chung, 1986). Kai et al. (1988, 1998) studied dust trans-
port from the source region to the Asia and Pacific region
from 8 to 13 May 1986. It took 5-6 days for dust to be
transported from the Taklimakan desert area and 2-3
days from the Loess Plateau area to the upper tropos-
pheric layer over Japan. It was shown that “the dust”
spread up-wards and meridionally in accordance with the
duration of transport.

These analyses are very important for understanding
the present-day impact of dust storms on atmospheric
and ground conditions and on human society, but also for

interpreting the phenomena in historical and geological

times.
(upper figure) and at Hotan (lower figure), 1952-1992
(Qian et al., 1997).
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Fig. 7. Main routes and regional divisions of sand and dust storms in Northwest China,
1: The region where the heavy sand and dust storms occur most frequently.
2: The region where they occur frequently (Xu and Ho, 1997).



2) Some case studies

On 22 April 1977, there occurred one of the most severe
Kara-bran (means “black wind”, violent dust storm) in the
Hexi Corridor of Gansu, with an instantaneous wind
velocity higher than 25m/sec and visibility less than 50m.
Many weather stations observed a mean wind velocity of
more than wind force 12. The duration of a wind force of
more than 8 was about 2 hours at many stations and, at
the station with the worst conditions, it continued for 5
hours.

The synoptic weather situation was that a low-pressure
area over Siberia had constantly moved eastward since 19
April. On 22 April, the trough arrived at the northern
part of Xinjiang. A maximum drop in air temperature was
seen at the 700hPa level in the southern part of Xinjiang.
A cold anticyclone was formed in the western part of
South Xinjiang. Behind the cold front, a Kara-bran area
with a width of about 400km developed. Its upper
boundry was about 1,000m. Within 10 minutes after the
arrival of the Kara-bran, air pressure increased 2.8hPa, air
temperature decreased 6.8°C, and the wind direction
changed to WNW (Bai and Xu, 1991). An analysis on the
long-range dust transport in association with jet stream
was made for the case on 17-18 April, 1980 (Liu et al.,
1981, 1985). It was indicated that dust raised by strong
turbulent mixing ahead of advancing cold front in the
deserts of Northwest China was carried rapidly eastwards,
as shown in Fig. 8. In addition, surface wind-speeds and
turbulence were intensified by a down-ward transfer of

A e PACIFIC OCEAN

Fig. 8. Movement of dust storm region and cold front
on 27-29 April 1983 (Zheng and Chao, 1997).
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momentum from the upper westerlies (Pye, 1987).

These changes were more than those occurring during
a normal cold front, and resulted in very sharp up and
down air motion as well as an observable horizontal
temperature gradient of more than 10°C/100km.

The criteria for the short-range weather prediction of
wind/dust storms are an air temperature difference AT
(Tazhong-Hotan) of -11.1°C at the 700hPa level at 8:00AM
and an air pressure difference AP of -4.4hPa in spring
(March to May) with differences of -9.4 °C and -2.3hPa in
summer (June to August) (Editorial Group “Guidebook
of Short-Range Weather Forecasting in Xinjiang”, 1987).

7. Human Dimensions

1) Human activities and dust storms

Between the desertification and the occurrence of dust
storms, there are always processes of human activities.
These processes have two opposing effects. For example,
sand-dune invasions into oases, wind and dust storm
occurrences, the expansion of regions with wind damage,
and the abandonment of oases due to decreasing water
resources for irrigation and drinking are the results of
the impact on and, at the same time, of human activities.
Yoshino (1995) reported the relationship between human
activities and disaster in Taklimakan Desert. Soma (1996)
discussed the effect of salinization on desertification
partly caused by wind erosion. Furthermore, it should be
stressed that damages by sand and dust storms in 1990’s
become more and more severe and frequent for human
society (Sun and Huang, 1998).

Table 1 shows the natural hazards occurring in Xinjiang
during the period of 1949-1990. As mentioned in Section
5-1), the occurrence and total cost of wind damage are
high among the various natural hazards.

There is a clear difference in wind damage between the
El Nifio and La Nifia years. Taking the examples of 1977,
1982 and 1987 as the El Nifio years and 1975, 1988 and
1989 as the La Niiia years, respective mean values were
calculated as shown in Table 2. In the La Niiia years,
livestock loss was 8 times more than that in the El Nifio
years and this contributed to the tremendous economic
loss due to damage in the La Nifia years. Crop yields and
transportation also suffered from wind damage. This
damage occurred because of the development of sand
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Table 1 Natural hazards in Xinjiang, 1949-1990.

Number of cases of Loss. Number of houses Total cost of damage
occurrence People Livestock | destroyed
| head x1,000 % 1,000 X million US$
Earthquake 32 [ 125 101 41 245
Drought 58 ’ 0 156 0 123
Flood 498 1,523 255 98 63.3
Wind damage 195 108 46 4 249
Hail damage 403 56 76 6 40.3
Cold wave & frost damage 217 212 7,773 2 6.1
Thunderstorm 19 15 0 0 0.0
Insects and desease 80 4 0 0 5.6
Fire 24 12 0 1 0.8
Total 1,526 2,055 8,407 152 | 177.8
Table 2 Wind damage and drought in Xinjiang in the El Niiio and La Nifia years.
Total cases Loss. Number of hauses Total cost of damage
per year People  Livestocks | destroyed

Wind damage

El Nifio year 5.7 2.0 923 699 8.7 xmill USD

La Nifia year 7.5 0.3 7,234 432 1,890.9

Drought

El Nifio year 3.0 0.0 1,038 0 2.5

La Nifia year 4.0 0.0 8,000 0 4,101.8

and dust storms caused by weather processes under the 75 RMES -
70 0c @

influence of the atmospheric circulation of the La Niiia
situation. In contrast, however, a recent study (Zhu and
Zuang, 1998) reported that severe dust storms in 1952,
1977, 1983 and 1993 occurred in El Nifio years. Further
study is needed.

In China, there are studies on the history of population
since the 1st century B.C. Also, centuries-total dust storm
frequency has been reconstructed. Taking these values,
the relationship between them was obtained as shown in
Fig. 9. It seems that their absolute values are still to be
studied, but Fig. 9 shows a good relationship between
them, as far as the period until the 20th century con-
cerned (Yoshino, 1995).

2) Farmers and dust storms

The 98-99% farmers are Uygur, where as Han people
work in industry, commerce, and other sectors of the
service industry. The farmers must go into the desert to
collect firewood, if they do not earn enough money to buy
coal (15-17 US Dollar/ton and they use 1-2ton/winter
season), through working on the side, for example,
carpet production mainly by the women in the family.
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Fig. 9. Relationship between total (century) frequency of
dust storms and population in the northwestern
part of China.

During the early 1990’s, about 10% of farmers’ families
in the oases on the southern fringe of the Taklimakan
desert used coal. In the oases on the northern and
western fringes, almost 100% of the farmers’ families used
coal, 20% of which went to the desert 7-10 times per
winter to collect firewood in order to reduce spending

(Yoshino et al., 1996).



The GDP of farmers in the southern to southeastern
regions of the Taklimakan desert is lower than those in
the northern and western regions. For example, the rate
of increase of agricultural production per person in the
northern and western oases from 1985 to 1991 was
2.7-3.2 times higher than those in the southern oases
(Du et al., 1996).

It is pointed out that increasing the income of farmers
is one important means of decreasing or weakening the
serious impact of dust storms in desertified areas. The
incidence of collecting firewood can be reduced, by
improving the economic conditions for the farmers’
families (Yoshino, 1997).

8. Conclusion

Comprehensive monographs related to dust storms
and their impact on human activities published in the
1990’s were first reviewed. In particular, it is interesting
to note that they concentrate on the last 2-3 years.
Secondly, review papers or synthesis papers were
introduced to summarize the problems. Dust storms in
the postglacial, historical and present periods were dealt
with. There is a significant relationship between the
frequency of occurrence and population. It was also
shown that the fluctuation and changing pattern of dust
storms are different according to the time scale. Season-
ally speaking, sand and dust storms are concentrated in
April followed by May and March. The diurnal variation
is interesting; heavy and extra-heavy dust storms develop
to most strongly afternoon to early evening.

There are three main routes of dust storms in North-
west China. It was indicated that dust from the source
areas to East Asia takes 5-6 days in the case of the
Taklimakan desert and 2-3 days in the case of the Loess
Plateau. Furthermore, cold air mass invasion at the
ground level is closely related to the areas with severe
dust storms.

Human dimensions, as interpreted from the amount
and frequency of wind damage, are of importance. They
are highest among the various natural hazards. Wind
damage was more serious in the La Nifia years. In
particular, loss of livestock due to strong sand and dust
storms was about eight times higher in the La Nifia years
than in the El Nifio years. For the farmers in oases, an
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increase in income is one important means of decreasing
or weakening the serious impact of dust storms in
desertified areas.
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A Simple Model for Dust Emission

SHAO Yaping* and Lu Hua*

1. Introduction

Dust emission rate, F, has been conventionally
expressed as a function of friction velocity, #+. The field
measurements of Gillette (1981), Gillette and Walker
(1977), Nickling and Gillies (1989), Nickling and Gillies
(1993) show that dust emission rate is in general propor-
tional to #." with n varying between 2 and 5. There is a
large scatter in the observed data. The wind tunnel
experiments of shao et al. (1993) show that saltation
bombardment is mainly responsible for dust emission
and that the vertical dust flux is proportional to horizontal
sand drift intensity. They also proposed a theory based
on the concept of particle binding energy and the energy
balance during the collision between saltating particles
and the surface.

The model of Shao et al. (1993) has two major intrinsic
problems. First, it is difficult to accurately estimate the
dust particle binding energy on either theoretical or
experimental grounds. It can be shown that the uncertain-
ty involved in the theoretical estimation of dust particle
binding energy is several orders of magnitude. Second,
during particle and surface collision, the kinetic energy of
saltating particles is not conservative, as a proportion of
the particle kinetic energy is converted to heat.

In this short paper, we describe a new dust emission
model that is still based on the assumption that saltation
bombardment is mainly responsible for dust emission,
but uses a different formulation in the calculation of dust

emission.

2. Dust Emission Model

The proposed mechanism for dust emission by salta-

tion bombardment is based on the observation that sand

grains saltating over a surface of loose fine particles

excavate ovoid shaped craters in the bed. This observa-
tion leads to the construction of the model that calculates
the crater volume and dust release created by individual
saltating particles. Dust emission due to a large number
of saltating particles can then be estimated by a superpo-
sition of individual impacting events.

Several assumptions are made to derive the model, as
listed below.

1. Impact particles have no initial rotation and small
rotation during the ploughing process. If follows that
for polyhedral particles, Xr=X +‘—2[¢ and Yr=Y, with
¢ being the rotation angle as shown in Fig. 1.

2. The ratio of the vertical force to the horizontal force on
the particle during ploughing is a constant K.

3. A constant plastic flow pressure exists during plough-
ing and its horizontal component is denoted by p;

4. The depth over which surface contacts the particle is
the same as that of the crater, Y7, as illustrated in Fig.
1.

5. The removed volume is the product of the area swept
out by the particle tip and the width b of ploughing
face.

V=bYrdxr= f:yr% dt

where ¢ is the time at which ploughing ceases;

6. The vertical and horizontal forces on the particle are
located at the centre of the surface soil material in
contact with the particle. The symmetrical picture of
two-dimensional ploughing shown in Fig. 1 can be
understood as the average situation for grains which
are tilted in either direction as they strike the surface.
To be consistent with Assumption 2, the projected
contact area in the horizontal plane is twice that in the
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Fig. 1. A schematic illustration of the saltation bombardment process. A saltating particle
ploughes through the soil, creates a small crater and ejects particles into the air. The
horizontal nd vertical components of the force exerted on the particle by the target soil are
Fy=pYb and Fy= KpYb, respectively. See text for more details.

vertical plane.
The equations of particle motion in the X and Y direc-

tions and the equation of angular rotation are

)

m e +pYb=0 (1)
2
n ({fi—tzy-i—KpYb:O 2
¢ d
I—+pbY (——Y)—2(KpYh) V=0 (3)
dt 2

where ,¥; and KpY; are the horizontal and vertical compo-
nents of the resistance force acting upon the ploughing
particle. Itis assumed the Yr=Yand Xyr=X +{!~¢.
Using the conditions that ¥|;.o=0 and % |t.0 = U sine,
)10 =U cos o and X|r.o=0 the solutions of the above

equation system are

gy 20 sinpt+(U coser— i )t @
v .
Y()= — sina sinfit 5)
B
0= 3.75U° sin*a [2(86?-+ cos 281 —1]
¢= B B cos 2f8
o DUsne G B— B ©)

pd

_ | pKD
and where = —,~.

1) Volume Removal
It follows from assumption 5 and Eq. (4), (5) and (6),

the volume removed by a single impact can be calculated.

there are two cases. In Case 1, the impact particle
ploughes into the target soil and subsequently leaves it
when Y7 becomes zero. In Case 2, the particle stops
during its scooping action at some depth as its kinetic
energy is exhausted. For Case 1, the volume removal
can be calculated using

2

. . 7.5nlPsin’ e
—_= F (sin2¢ — 4sin“a) + —————

i )

b

Case 2 has been discussed by Lu and Shao (1999).

2) Vertical Dust Flux

We first consider the dust emission by saltation
bombardment from a soil that contains multisized dust
particles and uniform sand particles (with diameter d). If
#s is the particle number flux density (number of impact-
ing particles per unit area per unit time) and f is the frac-
tion of dust contained in V, the vertical dust flux caused

by saltation bombardment can be calculated by
F(d)=cxnsps fV 8

where pj is the bulk density of soil and ¢ is a constant of
proportionality less than 1, as a proportion of dust par-
ticles may stick on aggregates ocntained in V. Following
the well developed line of sand saltation momentum
transfer near the surface, we have

pret(1— s/ 142)

ns= 9
. m(Uq cosay — U cosa) ©

where 14 is the threshold friction velocity for sand

particles, U, is the ejection velocity of sand particles and
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Table 1. Soil parameters used for calculation of sand drift Q for comparison with the
experimental data of Gillette (1977).

S1 S2 S3 4 S5 S6 S9
Soil moisture (%) 0.8 0.99 1.0 0.5 0.65 0.75 6.6
Non-erodible elements 0.6 0.1 0.05 1.5 1 0.05 0.01
Observed #.: (m/s) 0.25 0.25 0.25 0.25 025 0.52-06 065
Simulated u.,.. 0.2561 02576 0.2572 0.2542 0.2545 0.2430 09142

o the ejection angle.
Substituting (9) and (7) into (8), we obtain

N foulP

7.57Usin®
Fd=———— (sin2a— 4sina + _ztsm_a)
2p

Bd
X putz(l - “*fz/u*z)

10
Uy cosay — U cosa

Following Owen (1964), the horizontal saltation flux for a
dry soil with uniform particles is

3
QW@ =—cﬂg*— (= uni/u) an

where ¢ is Owen’s coefficient and g is gravitational
acceleration. (10) can be expressed in term of Q(d) as

Fld)= C’;;;pb (sin2a— 4sin®a+ Cpux ,}% ) Q@)
12)

where C, is a coefficient of order 10cy and Cp is a coeffi-
cient of order 1. Eq. (12), then, can be simplified as

C
F@= % 024+ G -~ ) 0@ (3)

To estimate dust emission rate from soils with a particle
size distribution p(d), we separate soil particles into the
categories of dust and sand. An integration of Eq. (13)
over sand particle sizes gives the total dust emission rate
F induced by saltation bombardment of sand grains of all
sizes

_ d2
F= fd F@p@sd 14)

where di and d2 are the low and upper bound of sand
particle diameters. The ratio between the total vertical
dust flux and total horizontal sand flux is

a2
F [ Fap@sd
A4 (15)
Q [
[, e@p@sd
As an approximation, it is possible to simplify the above
equation as
F _ Catfpy . [P
6 =~ (0.24+ Cpu b ) (16)

which is a simple rearrangement of (13).

Eq. (16) tells us several qualitatively important rela-
tionships: (a) since @ is proportional to ., F must be
proportional to #{ with i=3~4; (b) the saltation bom-
bardment efficiency ratio, F/@, is linearly proportional to
the fraction of dusts contained in the parent soil, £, and
inversely proportional to soil surface hardness parameter,
M, with =1~ 1.5. For large p (hard surface), k=1
and for smaller p (soft surface), k1 = 1.5; (c) for sufficient-
Iy large  so that Cpu.y/ 2 < 0.24, F/Q would be indepen-
dent of #., while for sufficiently small p so that Cpu*@
> 0.24, F/Q increases linearly with u..

3. Comparison with Experiments

We now examine the performance of the dust emission
model against the field measurements of Gillette (1977),
using Eq. (14) and (13). According to Gillette, soils 1, 2,
4 and 5 have a sand, soil 3 a loamy sand, soil 6 a sandy
loam and soil 9 a clay texture.

Two kinds of comparison are attempted for F. One is
fully simulated and the other one is semi-simulated. The
fully simulated F is done by first calculating @ using the
saltation model of Shao et al. (1996), and then relating F
to the predicted @ by Eq. (14). In order to use Eq. (16) to
predict F, the value of p needs to be determined. The
fitted values of F are called semi-simulated F.
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Fig. 2. Particle size distributions (PSD) for sand (soils 1, 2, 4 and 5), loamy sand (soil 3) compar-
ison with the ones given in Gillette and Walker (1977). The dotted curve is the particle
size distribution of Gillette and Walker and the soil curve is Australia soil PSD assigned.
Assumed PSDs for sandy loam and clay used in the simulation are also shown.

One of the most important parameters for simulating @
is the threshold friction velocity. #«. The calculation of
the threshold velocity, ., for saltating particles follows
Shao et al. (1996). The measured values of . for each
soil type are explicitly given by Gillette (1977, 1988).

To calculate @, dry sieving soil particle distributions of
Soil 3 and Soil 4 (given by Gillette and Walker (1977)) are
used in our simulation (Fig. 2). The particle size distri-
bution of soils 1, 2 and 5 is assumed to be the same as
Soil 4. To test the effect of particle size distribution, we
replace the particle size distribution of Soil 4 by an
Australia sandy soil and also used it for the simulation of
soil 1, 2 and 5. Similarly, the PSD of soil 3 is replaced by
an Australia loamy sand. The PSDs are shown in Fig. 2
compared with the ones of Gillette and Walker (1977).
The MDPSDs for soil 6 and soil 9 are also selected
among Australia typical loam and clay samples. They
contain a similar amount of clay and silt particles as
described by Gillette (1977) and have similar soil
textures.

For all cases, we used Cg=1.37, Owen’s coefficient c=
0.8 and soil particle density pp= 2650 kg/m>. The values
of fused are the fraction for d < 50um given by Gillette
(1977). We used Co="5 and py = 1000 kg/m>.

Fig. 3 shows the comparison of simulated and

observed horizontal sand fluxes, @, and that of fully
simulated (using simulated @ to calculate F), semi-
simulated (using observed Q to calculate F) and
observed vertical dust flux F, where @ and F and plotted
against friction velocity, u., for soils 1 to 5. Although
some parameters used for the simulation are roughly
estimated, the predicted @ and F and observed @ and F
and in good agreement for all soils, except soil 2. For soil
2, the simulated @ is about 5 times larger than observed
while semi-simulated dust flux is smaller than both
measured and fully simulated. This indicates that soil 2
may have a different particle size distribution (the typical
mode may be not close to 180um) although is classified
as a sandy soil. Overall, given the uncertainties involved
in both the measurements and the modeling, the
agreement in Fig. 3 provides encouragement that the
model has produced satisfactory estimates of streamwise
sand fluxes and vertical dust fluxes.

4. Conclusions

In this short paper, we have presented a new dust
emission model based on the understanding that dust
emission is mainly caused by saltation bombardment.
The prediction of dust emission rate is achieved through
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Fig. 3. Comparison of simulated using PSDs of Gillette and Walker (1977) (solid curve), simulated using assigned
PSDs, and observed (full circles) horizontal sand drift @ (left side) and that of fully simulated (solid curve:
using predicted @ by PSDs of Gillette and Walker (1977); dotted curve: using predicted @ by assigned PSDs),
semi-simulated (using observed @, dashed curve plus open circle) and observed (full circles) vertical dust flux
F versus friction velocity, ., for Gillette (1977) soils 1to 5.

modeling the ploughing process of individual saltating
sand grains and the resulted volume removal of the
surface soil. It has been found that the crater volume
removal is proportional to the impacting particle velocity,
V e U", the vertical dust emission rate is proportional to
friction velocity, F o« #."*!, with # being around 2 to 3.
For practical purposes, the vertical dust flux can be
calculated using Eq. (15) or Eq. (16) for simplicity.
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Aeolian Transport of Particles in Chernobyl and Application
to Dune Morphology

HatanNo Yuko* and HATANO Naomichi**

We review our recent proposal for modeling long-term radioactive dust migration in Chernobyl. We
emphasize the importance of fractal wind fluctuation, namely the Corrsin-Obukhov relation of turbulent
flow. Theoretical predictions derived from the model are in remarkable agreement with data of the
radionuclide concentration measured near Chernobyl over a decade. One of the predictions shows that the
concentration of radioactive aerosol decreases in time as, where and are fitting parameters. The fractal
exponent -4/3 is essential in fitting the long-term measurement data.

We also apply the same principle to an aeolian dune problem; we carried out numerical simulation based
on Werner’s model, incorporating the Corrsin-Obukhov relation of the wind velocity. It is shown that the
fractal wind fluctuation yields dome dunes, which have never been reproduced by numerical calculations

before.

Key Words: Barchans, Linear dune, Dust Chernobyl

1. Introduction

This paper concerns transport phenomena by wind,
both (i) migration of radioactive aerosols in Chernobyl
and (ii) sand transport in deserts. We first review our
study on transport of radioactive particles in Chernobyl in
the former part of the paper. In the latter part, we apply
the findings in the study to dune morphology.

The Chernobyl nuclear power plant accident in 1986
spread a large amount of radionuclides into the environ-
ment. Many simulational studies have been done as to
how the pollutants from the accident migrate. However,
the primary subject of such studies was emergency
evacuation planning, and hence their target period was at
most several weeks after the accident. After the target
period, the simulation results do not agree with measured
data. Now it is the major issue to predict long-term
behavior of the pollutants that are resuspended from the

soil surface as aerosols.

For this purpose, we recently introduced a novel model
of long-term aerosol migration (Hatano and Hatano, 1997;
Hatano ef al., 1998a). We discovered that, in order to
reproduce actual measurement data in Chernobyl over
ten years, it is crucial to take account of long-term
temporal correlation of the wind velocity. According to
the Corrsin-Obukhov relation in the field of turbulence
theory (Monin and Yaglom, 1975), the temporal corre-
lation of the wind velocity follows the power law

Vi Vilt+ 1)) ~ 7723 6}

for large 7, where Vi(#) is the wind velocity in the ith
direction (i=1,2) at time ¢. This fractal power law is
essential in reproducing the Chernobyl data.

In the present paper, we first review theoretical pre-
dictions of our aerosol-migration model and compare
them with actual data measured in Chernobyl. Since the
Corrsin-Obukhov relation is a universal law over wide

* Institute of Physical and Chemical Research (RIKEN). Wako, Saitama 351-0198, Japan.
** Department of Physics, Aoyama Gakuin University. Chitosedai, Setagaya, Tokyo 157-8572, Japan.
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range of time scale and length scale, we expect that the
fractal correlation should reveal itself in various phenom-
ena of aeolian dynamics besides the Chernobyl case.
From this point of view, we also report new results of
numerical simulation of dune morphology; we show that
the time correlation of the wind velocity is an essential
element of formation of dome dunes.

To emphasize novel features of our aerosol-migration
model, let us first present several theoretical predictions
of the model for the Chernobyl case:

(i) The aerosol concentration C of each radionuclide at a
fixed location decreases after its emission as

CH)=Ae ™3 @

for large ¢, where ¢ is the days since the accident, A is a
constant that is proportional to the quantity of the initial
deposition, and A is an effective removal rate, that is, the
sum of reaction constants of all first-order kinetics that
remove the nuclide from the resuspension-deposition
cycle; i.e. A=(radioactive decay const.) + (water runoff
rate) 1 (vegetation uptake rate)+...

(ii) The resuspension factor K (the ratio of the radionu-
clide concentration in the air to that on the soil surface)
decreases in time as

K@)~ 3

for large t. The resuspension rate is an important
quantity from a practical point of view, because it is
directly related to lung cancer risk. However, the time
dependence had been rarely understood.

(iii) The standard deviation o(7)of the concentration data
during T days depends on T as

o(T)~T3 @

Here T is the averaging period of the time series; the
concentration is divided into N bins of length 7, then
averaged within each bin throughout the data. If we
increase T, the standard deviation should decrease.
We stress that the dependence of & on T of the present
model is of a fractal type and completely different from
white-noise fluctuation. For further details of calcu-
lation of ¢ and the significance of Eq. (4), refer to
Hatano and Hatano (1997). In short, the exponent
-1/3 smaller than 0 but larger than -1/2 indicates
fractal fluctuation of the data.

(iv) Our theoretical model indicates that the spatial dis-
tribution of the radionuclide is a Gaussian distribution
whose half-width increases in time as ¢%/3, This increase
is faster than the normal-diffusion case ¢ /2,

The first three predictions are in remarkable agree-
ment with data of the aerosol concentration measured
near Chernobyl over a decade. The fourth prediction is
yet to be confirmed because of lack of data.

We provide in Section 2 more details on the accident
and the measurement data that we used. In Section 3,
we describe our modeling of aerosol migration. The
first three predictions of the model are compared with
measured data in Section 4. We turn our attention to a
different problem in section 5, namely dune morphology.
We report results of numerical simulation that incorpo-
rates the Corrsin-Obukhov relation and show an interest-
ing effect of the time correlation on dune formation.
Section 6 provides a summary and discussions.

2. Chernobyl Accident and Garger Measurement

The Chernobyl accident occurred on April 26, 1986.
The reactor is located at about 16 km northwest to the
town of Chernobyl in Ukraine, near the border with
Belarus. Figure 1 shows details of the accident: the
smoke due to the fire of the fourth unit of the power plant
first rose in the troposphere. Although a small portion of
the released radionuclides reached the stratosphere and
contaminated the northern hemisphere as fallout, most
were contained in the plume in the troposphere and car-
ried all over Europe. Heavy particles dropped near the
power plant, while lighter ones traveled up to hundreds
of kilometers. The deposits from the plume during the
first few weeks are referred to as acute deposits. These
acute deposits have migrated as aerosols through aeolian
resuspension and have contaminated the air of the region
for years after the accident. Although the plume disap-
peared soon after the fire was extinguished, the air
contamination still persists due to the resuspension-
deposition process.

* The most contaminated area is within 30 km of the
power plant (Garger, 1994). It is estimated that about 6
tons of nuclear fuel (2 X 10" Bq of radioactive nuclides)
were deposited in this area. The nuclides of significant
quantity were 13'Cs, '3Cs, 1Ce, %Ry, and %Sr, The soil



in the area is moist and consists mostly of podzol (94%).
The topography is almost flat. The land use is primarily
grass and crop land. Forests are the second largest land
cover (30-35%). Only a small part of the area is residential.

Since the accident, the radioactivity in the air has been
measured on a daily basis at several points within 30 km
(Garger, 1994). For the locations of the measurement
sites, see the map in Hatano ef al. (1998a). The measure-
ment is done with a high-volume sampler with a flow rate
of 10°m®/day. The height of the sampler is 1.5 m above
the ground. A filter in the sampler traps particles less

than 15um in diameter. The area of the filter is 1.05m".
3. Model with Fractal Wind Fluctuation

We here review our model of aerosol migration (Hatano
and Hatano, 1997; Hatano et al., 1998a). Although the
model might appear to be simple, it should be stressed
that its predictions are in a good agreement with the
measured data at Chernobyl. The present model captures
an essential feature of long-term behavior of aerosol
migration caused by aeolian resuspension from the soil
surface.

In the resuspension-deposition cycle a dust particle is
suspended by wind (resuspension), blown for a certain
time (advection, or transport), and deposited because of
the gravitational setting (See Fig. 1). While the particle
stays in the air, its transport depends on the wind velocity
and direction at that ime. The wind velocity and direction
change from time to time, and hence the transport varies
as well. It may be intuitive to point out a theoretical
similarity between our model and the Brownian motion.
The Brownian motion is caused by an external force that
hits the particle from a random direction and in random
magnitude. The random external force corresponds to
the wind in our model.

On the basis of the above consideration, we introduced
a two-dimensional advection equation that describes the
aerosol migration of dust particles (Hatano and Hatano,
1997; Hatano et al., 1998a):

ac C JC .
=t +u,.“§ +AC=6(18x)8y. 6

The term AC represents processes in which a certain

proportion of the amount of the radionuclide is removed
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constantly from the cycle. Besides radioactive decay,
various effects such as sorption to the soil and vegetation
uptake have been studied in the form of this term under
the name of the “linear compartment model” see e.g.
Chamberlain (1970). The product of the delta functions
in the right-hand side of Eq. (5) is the source term that
corresponds to the acute deposit of the power-plant
accident.

The variables ¥ = (vx, vy) are the mean transport
velocity of the aerosol. The aerosol particles move along
the path of the wind when they are resuspended from the
ground. Thus the transport velocity v; (f =x, y) should be
approximately proportional to the actual wind velocity Vi
in the form

W T ©)
V= f(}+f1 Iy

where T, is the average time for which a dust particle
remains in the state of deposition, and 7, is the average
time in the state of suspension-advection. Thus we
require of the variables v and vy to be random and to
follow the Corrsin-Obukhov relation (1):

lp—el 23 for i=j,

o) vilt) > — 7
2 0 for b @

Here the brackets denote the average with respect to

Stratosphere

Troposphere

Fig. 1. A schematic of the Chernobyl accident.

Radionuclides were carried in the plume due to the fire,
deposited to the ground surface, and attached to dust
particles and migrate. A typical migration process of
radioactive dust is shown in the lower left part of the
figure. Each particle is convected by the wind and
deposited because of the gravily. Since wind blows
randomly (but with correlation), the projection of the
particle movement onto the horizontal plane resembles
the Brownian motion. Nuclides in the resuspension-
deposition cycle decrease by various processes: for
example, radioactive decay, permeation into the soil as
water solution, uptake by plants, and immobilizing
chemical reactions with soil.
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the randomness of the wind velocity.

The governing equation (5) is thus a stochastic differ-
ential equation. There is a solution for each specification
of the time dependence of the stochastic variables 7(f).
The final goal is to obtain quantities averaged over all
possible forms of the function 7(f). Although the equa-
tion (5) does not have any diffusion terms explicitly, the
randomness of 7 () results in “macroscopic diffusion”
(Kapoor and Gelhar, 1994) in the same way that the
random force results in diffusion of the Brownian particle.
For details of the solution of such a diffusion equation,
see Hatano ef al. (1995).

4. Comparison of Theoretical Predictions with
Actual Data

In the following, we compare our theoretical predic-
tions (i)-(iii) in Section 1 with available data of aerosol
migration in Chernobyl.

1) Concentration decrease

The solution of the “macroscopic diffusion” equation
yields the average concentration in the form <C(¢#)> ~
e M43 which is our first prediction Eq. (2). This pre-
diction explains the Chernobyl data very well with only
two parameters A and A adjusted.

To exemplify the agreement between the prediction
and the data, we plotted in Fig. 2 the six-month average
for data of 'Cs and ¥’Cs measured at four kilometers
east of the plant. Let us remark that cesium has been
used as a well-behaving tracer in aeolian dynamics studies;
see e.g. Chappell (1996). The solid curves in the same
figures are fitting curves based on Eq. (2). The curves are
remarkably consistent with the measurement data within
statistical accuracy.

Note that the power-law factor in Eq. (2) is essential in
explaining the time dependence, particularly for the first
1000 days. The measurement data are not fit when only
the exponential factor is used; an exponential factor
typically appears in the widely used linear compartment
model (e.g., Chamberlain, 1970). Because of the power-
law factor, the predicted concentration becomes signifi-
cantly smaller in a long period than the predictions of the
linear compartment model. The difference is up to a few
orders of magnitude.

a)a 10° r————rrry
g lO"ir 134Cs at Point 22 1
5 0%
Q '3; 3
£ E ]
g 10% ]
g O f ;
g 10'5;. ]
=} 6F 3
S 10 e
g 100 1000 16000
) Days since 26/4/1986

b)sz 10% S —
g '7Cs at Point 22

-1

= 10 3 3
£ 107 3
£
S 107 5
Sl —
s 100 1000 10000
O Days since 26/4/1986

Fig. 2. Six-month averages of the concentration of '*Cs
and '¥Cs at Point 22, and the best-fit curves with
Eq. (2)(solid line).

2) Resuspension factor

Our model also yields a prediction of the resuspension
factor. Let us first summarize facts about the resuspen-
sion factor. The resuspension factor, the ratio between
the airborne concentration and the surface concentration
is 10°® (Nicholson, 1988). The soil specific radioactivity is
much larger than the airborne specific radioactivity in
general (Hollsinder and Garger, 1996), and that most of
the radionuclides in the soil (particularly '¥Cs) exist as
immobile (i.e., unable to be resuspended)chemicals
(Watanabe et al., 1996). Hence the denominator of the
resuspension factor (the nuclide concentration on the
ground surface) is dominated by the amount of nuclides
remaining in place on the ground, and is scarcely affected
by the amount resuspended from the ground. The con-
centration staying in place on the ground decays only
exponentially, while the decay of the aerosol concentra-
tion has the power-law factor due to the diffusion, as



shown in Eq. (2). Thus we have
-Af 4-4/3
K~ =, ®

This is our theoretical formula for the resuspension
factor.

For the actual Chernobyl data, Garger et al. (1997)
found empirically that a power-law function fits the
resuspension data very well. They estimated the
exponent by fitting the function to the data as follows;

K@)~ ()

This exponent estimate is close to our theoretical predic-
tion -4/3. As is shown in Fig. 3, the existing theories fail
to explain the measurement data. In contrast, our theo-
retical prediction is in good agreement with Garger et al.’s
best fit.

The measured data in Fig. 3 shows the seasonal cycle;
in winter, the resuspension factor becomes smaller than in
summer, because snow covers the soil surface. However,
we are interested in behavior in a longer time scale. As
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shown in Fig. 3, Garger’s fit (and hence our prediction)
explains the data well if we average out the seasonal
variation.
3) Concentration fluctuation

Another theoretical prediction is the power law Eq. (4).
The exponent in Eq. (4), namely -1/3, agrees remark-
ably with Garger et al.’s experimental result -0.33 £0.08
(1994). They calculated o (7) for T=2, 3, 4, 6, 10, 15, 20,
30, and 60 days during the years 1987-1991. The expo-
nent estimate 0.33 +0.08 was obtained as the average of
estimates for the five years and two sites near Chernobyl.

Furthermore, a similar result was obtained in Gifford's
study (1991) on a completely independent incident. He
showed that the exponent of ¢ (7) is -0.35 for atmospheric
eddy sizes of several hundred kilometers, using data of
the concentration of #*Kr from a US nuclear facility over
nineteen months and one thousand kilometers. Yet in
another study on aerosol transport in the Arctic (Hatano
et al., 1998b), we found the exponents -0.36 +0.06 for
cloud-condensation particles and -0.27 £ 0.08 for radon.

These studies imply that the relation ¢ (7)~ T3 may
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Fig. 3. The fitting of the measured resuspension factor (Garger et al., 1997) to data from two measurement sites:
the town of Chernobyl (16 km south to the power plant) and Baryshevka (160 km south to the plant).
The data were normalized by the initial resuspension factor X (0). The fitting curves are the following.
The thickest line is our prediction ¢ /2 or Eq. (8). (K1) the Garland model (1991); (K2) the Anspaugh
model (1975); (K3) the Hoetzl model (1992); (K4) the Linsley model (1978); (K5) the Makhonko model
(1992); (K6) Garger’s empirical fit, i.e. Equation (9) in thepresent paper. All the previous models (K1-K5)
fail to fit the measurement data. Garger et al. (1997) tried various functions and found that Eq. (9), or K6,
fits the data well. Our prediction also fits the data well.
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be a common law for large-scale aerosol transport. We
claim that the Corrsin-Obukhov relation is behind this
law. In other words, it is necessary to incorporate the
fractal correlation when one studies long-term large-scale
atmospheric dynamics of wind transport of aerosols.

We stress here that various microscopic aspects of
aerosol migration are phenomenologically incorporated
into the present model. This feature of the model greatly
enhances its applicability to various situations of aerosol
migration. Different places have different characteristics
of soil surface, vegetation uptake, etc. These differences
can be taken into account by changing the model parame-
ter A and the prefactor of Eq. (2). Thus our predictions
may be realized not only in Chernobyl but in different
situations with different time and length scales.

5. Wind Correlation in Dune Morphology

We have seen that the fractal correlation of the wind
velocity, Eq. (1), is essential in description of aerosol
migration in Chernobyl as well as the %Kr data and the
Arctic data. We naturally expect that the same principle
should apply to description of other phenomena of aeo-
lian dynamics.

Here we present our new results on sand dune dynam-
ics. Saltation of sand particles phenomenologically
resembles resuspension of aerosol except for the time
scale of the dynamics. Hence we expect that transport of
sand particles is essentially similar to the dynamics
described by the stochastic differential equation Eq. (5).
As we emphasized at the end of Section 4, the difference
in time scale may be reduced to difference in the model
parameter and the prefactor of Eq. (7).

Since it is rather hard to treat the equation analytically
in the situation of sand dunes, we resort to numerical
simulation. Indeed, Werner (1995) numerically simu-
lated the aeolian dynamics of desert dunes in terms of the
Brownian motion of sand particles. We can argue in the
case of very small number of sand particles that the
differential equation Eq. (5) corresponds to Werner's
simulation with A=0 (because the number of sand
particles is conserved) and under an initial condition
different from the delta function. (For a large number of
particles, particle-particle interactions should come into
the equation as non-linear terms such as C2)

An important point missing in his simulation is the
fractal correlation of the wind velocity, Eq. (1); he used
white noise for the sand-particle transport. In this section,
we present a result of the simulation with correlated noise
and thereby demonstrate that the correlation is essential
in producing a type of sand dune, namely the dome type.
The dome type of dune has never been produced by
numerical simulation before.

Let us first explain Werner’s model (Werner, 1995).
Instead of treating huge number of sand particles, he
introduced a coarse-grained viewpoint; in his model, sand
“slabs” are transported on a two-dimensional lattice and
form dunes. Each step of the simulation proceeds as
follows. A sand slab is chosen randomly from those on
the surface outside the shade of dunes. The slab is moved
over a specified distance / in the direction of the wind. In
most cases, the wind direction is chosen as a random
vector 7 =(uy, vy). (In some cases, the wind direction was
fixed throughout a simulation.) The slab may be deposit-
ed at the new site with a specific probability, otherwise
moved further. The probability depends on whether the
site has already slabs or not; it is lower if the site is the
substrate, which is a place without other slabs. The
move over the distance [ is repeated until deposition.
Then slabs may tumble down dunes until the entire
pattern satisfies a condition of the angle of repose. This
completes one simulation step. Then another slab is
chosen to repeat the above process. Time t in the
simulations is defined as the number of the steps divided
by the number of the lattice sites.

We carried out the simulation, comparing the case
where the random vector of the wind direction is white
noise and the case with correlated noise. In the latter,
the correlated noise was made to obey the Corrsin-
Obukhov relation. To generate such a random sequence,
we used a method by Makse et al. (1995). The initial
distribution of slabs is random with the average height
H=3 in the present study.

In Fig. 4 we compare the results between the original
Werner's model (uncorrelated case) and our model
(correlated case). With temporal correlation of wind, the
dune evolution is altered at least in one aspect: we observe
clear barchan dunes in Fig. 4 (a-2) (correlated case), but
not in Fig. 4 (a-1) (uncorrelated case). These barchan
dunes change their direction from time to time (¢=>500,
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Fig. 4. Comparison between cases of uncorrelated/correlated winds.
Periodic boundary conditions were applied in all cases. Snapshots at =100, 200, 500, 800, and 1500 from top to
bottom. (a-1) Uncorrelated case. The wind velocity (er, vy) was chosen from either (6, 2) or (-6, 2) randomly.
Sand mounds are merged together to make a linear dune. (a-2) Correlated case. The wind velocity was chosen
from (%6, 2) with correlation. Barchans are observed to change their direction, and dome-like dunes appear in
between. (b-1) Uncorrelated case with (v, »)=(=£3, 3). (b-2) Correlated case with (v, 1,)=(%£3, 3). (c-1, 2)
Uncorrelated and correlated cases with (vs, 0y)=(£ 2, 6).

1500 in Fig. 4 (a-1)). On intervals of dunes’ direction
changes, we observe dome-like dunes (t=2800 in Fig. 4
(a-2)). In Figs. 4 (b), (c) the correlation scarcely affect
the dune development.

The above result can be interpreted as follows. If wind
blows in a correlated manner, the duration of the wind
blowing from the same side should be larger, on average,
than that in the uncorrelated case. While the wind blows
sequentially from the same direc-tion (due to the correla-
tion), barchan dunes are formed. When the wind direc-
tion inverses and the direction for a moment, the horn-
like part of the barchans is blown off and the crest is
eroded, and dome-like dunes will form. This is the first

time where the dome dunes are reproduced.
6. Summary

To summarize, we emphasize the importance of tem-
poral correlation of the wind in various phenomena of
aeolian dynamics. In the preceding sections, we showed
that our aerosol-migration model agrees excellently with
the three quantities measured in Chernobyl ; the concen-
tration, the fluctuation, and the resuspension factor. The
predictions are based on a fundamental assumption of
fractal correlation of the wind velocity, namely the Corrsin-
Obukhov relation of turbulent theory. The agreement of
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the present predictions with the experimental result is
evidence for the validity of the assumption. In the dune-
morphology simulation, we were able to reproduce dome
dunes only after we introduced the time correlation of the
wind.

This study is partly supproted by Sumitomo Funds.

Appendix

In this Appendix, we explain how we obtained the
power-law Eq. (2), C(¢) =Ae™*¢t™%/3, This formula is
derived from an ordinary advection equation. Local wind
blows radioactive aerosols in a specific direciton for a
specific time. We include the effect of temporal correla-
tion into the equation. The solution yields Eq. (2).

We introduced a two-dimensional advection equation
that describes the aerosol migration of dust particles:

&+l +u L +4C= 5056 80). 10

The term AC represents processes in which a certain
proportion of the amount of the radionuclide is removed
constantly from the cycle.

To solve the equatoin, we first eliminate the term AC
by replacing C by f=Ce *!. The governing equation
becomes

AL 1y, % F=5(0 5(x)8(). )

We use the mean quantity (with regard to the
randomness of v) <> and fluctuation from that, f'

x0

2+ 3% Coif = 8(0) 8(x) 8(). (12)

After some approximation (see Hatano and Hatano,
1997), we obtain a macroscopic diffusion equation:

X

—&i —D()VEF = 5(t) 5(x) 5(y). (13)
Random wind causes the particles diffuse in the free
atmosphere like the Brownian motion. The solution
gives the power law Eq. (2).
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Movement of Sand Dunes and its Prevention by Windbreaks
at the Turpan Basin and the Taklimakan Desert in China

Maki Taichi* and Du Mingyuan**

Meteorological observations and various kinds of investigations were carried out from 1990 to 1998 at
the Turpan Basin, Xinjiang. This paper summarizes some of the findings of the studies made. The move-
ment direction of sand dunes was from E to ESE. The average movement speed of sand dunes was 10.3 m
per year. The average height of sand accumulation was 1.5 m in the case of a single tamarisk windbreak
and 7.5 m on the first row and 1.5 m on the second row in the case of 2 rows of tamarisk windbreaks. The
maximum height of sand accumulation for a half year was 40 cm and 30 cm in the cases of single wind-
breaks of 40% and 30% net densities, respectively. The effect of Japanese net windbreaks was higher than
that of Chinese net windbreaks. The tamarisk is suitable for the marginal areas of arid lands. The results
of the studies as well as discussions of greening, the effect of net windbreak at the Turpan Basin and the
relation between the effect of net windbreaks and the protection of desert roads in the Taklimakan Desert

were introduced and summarized here.

Key Words: Climate, Sand dune, Taklimakan, Turpan, Windbreaks, Wind erosion

1. Introduction

The authors reviewed and introduced information
about the movement of sand dunes and the protection of
land from sand dunes from the several original papers in
the Journal of Arid Land Studies and the Journal of
Agricultural Meteorology in Japan (Maki, ef al., 19933, b,
1994, 1995; Maki, 1996, 1998).

Sand is supplied from dried up riverbeds, and reactivat-
ed old fixed and semi-fixed sand dunes. This is the most
significant process of desertification. The desertification
is not clear at gravel or pebble desert; gobi and stone or
rock desert, but is much clear in sand desert areas or
sand dune areas. In particular, agricultural fields, grass-
lands, shrub trees, roads, irrigation ditches and the like
are buried by the sand movement in sand dune areas,

and crops, animals and people’s daily lives are affected
significantly by drifting sand.

Sand dunes near the Turpan Desert Research Station
were activated in recent years, i.e., the risk of desertifi-
cation was increasing and sand dunes were invading
arable lands and settlements. The recent activity of
transplanting trees is causing a rehabilitation near the
Turpan Desert Research Station.

Some species of plants can grow in the severe environ-
ment of arid lands, but they have still to strong resistance
character against drought, strong wind, heat, coldness
and soil salinity. To mitigate the environmental severity,
it is necessary to improve the climatic conditions in dry
areas through the use of forest windbreaks, hedge
windbreaks, net windbreaks and grass vegetation.

The most significant differences between the oases and
the deserts are found in the air and soil temperatures. In
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oases, temperatures are lower in summer, higher in
winter, lower at daytime and higher at nighttime. The
ranges of annual and daily variations are smaller in oases
than in the deserts. Average wind speeds in the oases are
half in the deserts. Changes in air and soil temperatures
after rainfall are more rapid in the deserts. Changes in
the oases are slower because of greater soil moisture and
humidity, so the rate of climatic alleviation is faster.

2. Characteristics of the desertification areas in
the Turpan Basin

The sand dune areas near the Turpan Desert Research
Station were desertified in resent years. The active sand
dunes with the steep slope of 33 to 35 degrees on the lee-
ward side of sand dunes were about 10 in 1990. Heights
of these sand dunes were from 3 to 8 m, and the length of
the largest sand dune with steep slope was 150 m. The
sandy area of desert was 10 km? with 2 km of north-south
and 5 km east-west distances, and the desert supplied
sands on the windward side of observation area was 60
km?, i.e., a little sandy area and wind erosion area with
bare clay soil. Therefore, the sand dunes are located on
the leeward side of the above mentioned area due to the
frequent wind direction of the strong wind. The activity of
sand dune is decreasing at some parts of the transplanting
near the Station and active sand dunes of 10 in 1990 is
decreasing to almost nothing in 1996, but it is not suffi-
cient to recover until now (Maki et al., 1993a).

The observations on the relation among the distance
of sand movement, duration of strong wind speed, and
direction of strong winds were carried out on the sand
dunes at 2 to 3 km from the Station. The largest sand
dune of barchan type with 7 m in height near the Station
was selected for observation (Maki ef al., 1995).

3. Moving direction and speed of sand dunes in
the Turpan Basin

1) Relation between sand dune movement and mete-
orological elements
The annual prevailing wind direction at the Turpan
Station is NE; however, the most frequent wind direction
of strong winds over 17.2 m/s is W with a frequency of
49%, and the second-most frequent direction is WNW

with frequency of 38%.

A wind speed of 8 m/s at 6 m height above the sand
surface is equivalent to that of 6 m/s at 1 m. Movement of
light sand particles begins from 5 m/s at 1 m height, but
meanly from 6 m/s. The effect of wind around 5 to 6 m/s
on sand movement is small, but that over 10 m/s is large
(Maki et al., 1995). The relations between blowing dura-
tion (¢, hr) of the wind speeds over 5, 10 and 15 m/s and
moving distance (d, m) of sand dunes, obtained from the
observed results from Sep. 1, 1991, to Aug. 31, 1992, are
expressed by the following equations.

ds =0.0177¢5 o
d10=0.0687¢10 @
di5=1.12545 (6)]

The proportional coefficient, k, of 0.0177 and wind speed
(#, m/s) are expressed by the power relation with a
correlation coefficient, 7, of 0.918.

k=463 X103 @)

A similar relation was found for another period. The
mean of the power values was 3.18, with the high corre-
lation coefficient, 7, of 0.952.

The relation among d, ¢ and « is expressed by the
following equation.

d=73X105¢ X 4318 ©

Sand dunes move in proportion to the 3 powers of wind
speed. The duration of strong winds from 8 to 10 m/s
corresponds significantly to the moving distance of a
sand dune. supposing 3 powers of time duration, ¢, in
Egs. (1), (2) and (3), the values of d are expressed as
volumes (m®) of sand, then these equations agree dimen-
sionally with Eq. (5).

The correlation coefficient decreases in the case of a
long period, because the volume of sand movement
decreases in the case of reverse wind direction.

2) Moving direction and speed of sand dunes

The monthly moving directions and distances of sand
dunes were expressed by vector as shown in Fig. 1,
summarizing for one and half year of May 1991 to Oct.
1992. The moving distance was 9.0 m for a year from
September 1991 to August 1992. The sand dune moves
actually as a middle of E and ESE by the most frequent
wind direction of strong winds from W to WNW.

The moving distance of 7 m-high sand dune was 9.5,
9.0, 12.0, 11.0, 10.0 and 10.0 m for each one year from
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Fig. 1. Moving direction of sand dunes at the Turpan Station from April 1991 to December 1992.

Wind speed over 10 m/s.

August to July for 6 years from 1990 to 1996, respectively,
and the average was 10.3 m.

4. Effects of forest and net windbreaks on wind
speed and sand movement

1) Effect of forest windbreaks at the Turpan Basin on

wind erosion and sand accumulation

(1) Sand accumulation based on a single-row tamarisk

windbreak

The height, width and forest density of a single-row
tamarisk windbreak were 4.6 m, 12 m and 85%, respec-
tively. Changes in the amount of sand accumulation in
August 1991 are shown in Fig. 2. The high, medium and
low sand accumulation heights for a long period of time
at the center of the windbreak were 2.5, 1.5 and 0.5 m
from spot to spot, respectively. Because wind erosion was
minimal, sand accumulation took the values ranging from
-6 H to 6 H. The values indicate the multiple distances of
windbreak height, where a negative sign of H indicates
the windward direction and a positive sign the leeward
direction to the most frequent strong winds over 10 m/s
from W to WNW or to the rather high wind of 5 to 10

m/s.

I WD—» Tamarisk windbreak

i (Aug. 1991) Sand accumulation

*— high

N
T

Height (m)

— medium

b

O]

00 5 10 5
Distance, H

1
-10

Fig. 2. Variations of sand accumulation effected by a single
tamarisk windbreak.
WD: Wind direction

(2) Sand accumulation affected by two rows of
tamarisk windbreaks

The tree heights, total heights and widths of two rows
of tamarisk windbreaks were 2.5 and 4.0 m, 10.0 and 5.5
m, and 19 and 13 m for the first and second windbreaks,
respectively. The forest densities of the windbreaks were
50% in the higher level and 100% in the middle to lower
levels. Sand accumulation is shown in Fig. 3. The height
of high, medium and low sand accumulation in the case
of strong winds from W to WNW by the first wide wind-
break was 8.0 m, 7.5 m and 6.5 m, respectively. In the case
of the second narrow windbreak, the mean height of sand
accumulation was 1.5 m at the central point and 2.5 m
above the level of the irrigation ditch on the leeward side.

(3) Sand accumulation by two kinds of single row

windbreaks

Net densities of two kinds of net windbreaks were 40 %
(original 30 %) for A net and 45 % (original 40 %) for B net
with the height of 2 m from November 1990 to May 1991
shown in Fig. 4. Sand accumulated at the region from -5
H to 12 H. The sand accumulation of 40 cm for B net was
higher than that of 30 cm for A net at 3 H leeward side for
6-month term, and sand did not accumulate just under
the nets based on the open space of 5 cm by relatively
strong wind.

2) Example of greening at the Turpan Basin

Young trees of tamarisk (Tamarix L.), Haloxylon
ammodendron Bge. and Calligonum mongolicum Turcz.
with 20 to 30 cm in height and 1 cm in diameter of trunks
are transplanted at the sandy or clay soil area near the
Station in every winter. The rate of rooting is 10 to 70%
depending on where the tree is planted. Seeds of Cap-
paris spinosa L. Sp., which creeps on the ground surface
are generally sowed, and irrigation is done for a small
area only in winter season, using surplus water. As the
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Fig. 3. Variations of sand accumulation effected by two rows of tamarisk windbreaks
in transverse section (A), lateral view (B) and plane view (C).
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Fig. 4. Variations of sand accumulation induced by two kinds
of single net windbreaks.

water freezes in winter, plants can use the water in spring
when the ice melts. If the irrigation water is sufficient,
poplars are transplanted along the road. Poplar (Populus
alba L.) is common and is often transplanted in 1 or 2
high-density rows along roadsides.

At the Turpan Basin being representative of arid area
in Northwest China, windbreaks are mainly Populus alba
L. (poplar), Tamarix L. (tamarisk), Ulmus pumila L. Sp.
(elm), Salix L. (willow), Haloxylon ammodendron Bge.,
Calligonum mongolicum Turcz., Populus euphratica
Olivier. and Elaeagnus angustifolia L. Sp. Tamarisks have
small leaves and stems with high-density growth of stems
and leaves. It has a strong effect on wind decrease and it
grows first if it is buried by sands. Tamarisks are suitable
for the marginal areas of arid land because of their
tolerance against wind, drought, heat, coldness and
salinity (Makil ef al., 1993a, 1994).



3) Test desert road in the Taklimakan Desert and the
effect of a net windbreak

An experiment was done along the test desert road
constructed in the Taklimakan Desert for development
of oil well stations from 1992 to 1995, because it was
necessary to establish countermeasures against sand
erosion and sand accumulation due to strong winds. The
effects of forest windbreaks and net windbreaks were
tested. The experiments of net windbreaks offered by the
authors and hedge windbreak, and of test roads with
brick, concrete, asphalt, salt mixture and the like, were
mainly done by researchers of the Chinese Academy of
Sciences along 2 km of the test road 100 km south of
Luntai in the northern part of the Taklimakan Desert.

Decreases of wind speed and sand movement were
measured at three kinds of test place: (a) straw-mat
networks of 10 to 20 cm height of 1 X1 m grid, 100 m
wide and 2 km long; (b) hedge windbreaks of 1 to 2 m
height made of reed straw and (c) net windbreaks of 2 m
height made of plastic net. The desert road crossing the
Taklimakan Desert in the north-south direction was
constructed in 1996 after taking into consideration the
results mentioned above.

According to the results of authors’ observation using
net windbreaks in the Taklimakan Desert, the effect was
physically and meteorologically recognized to be similar
to that at Turpan. One of the authors discovered that the
effect of net windbreaks made in Japan with polyethylene
Russell net of 2 mm mesh, 30 to 40% net density, 2 m
height and 100 m length was higher than the effect of the
net windbreak made in China with about 50% net density
and 2 m height (Maki, 1996). The Japanese net was made
of fine string and gave a relatively higher protection from
the wind, although it allowed for higher ventilation due to
its higher porosity. The Japanese net was not buried as
much and suffered less damage. As it was found that the
differences were significant, the Japanese net was used in
a1 to 2 km test area as a next step of practice. The results
showed that it was also effective.

5. Conclusions

(1) Relation between movement direction and speed of
sand dunes and climatic parameters were made clear,
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i.e., sand dunes move in proportion to the 3 powers of
wind speed, movement direction of sand dunes was
from E to ESE and average movement speed of sand
dunes was 10.3 m per year.

(2) Effects of several forest and net windbreaks on wind
erosion and sand accumulation were estimated. The
average height of sand accumulation was 1.5 m with
the range of 2.5 to 0.5 m in the case of a single tamarisk
windbreak, and was 7.5 m with the range of 8.0 m to
6.5 m on the first row and 1.5 m on the second row in
the case of 2 rows of tamarisk windbreaks. The maxi-
mum height of sand accumulation for a half year was
40 to 30 cm in the cases of single windbreaks of 40 and
30 % net densities, respectively.

(3) Higher prevention of sand movement by windbreaks
in the deserts of the Turpan Basin and the Taklimakan
Desert were evaluated. The effect of Japanese net
windbreaks was higher than that of Chinese net wind-
breaks. The tamarisk is suitable for the marginal areas
of arid land, but the others, i.e., poplar, elm, willow etc.
are suitable for the irrigated area.
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Fig. 1. Location of aerosol sampling stations.
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Fig. 2. Seasonal variation of sodium deposition rate (ug/m?®) in dry deposition
in Yamagata (@) and Tsuruoka (O).
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Fig. 3. Seasonal variation of nitric acid deposition rate (zg/m?) in dry deposition
in Yamagata (@)and Tsuruoka (O).
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Fig. 4. Seasonal variation of (NO+NO3) concentration (ppm) of in atmosphere
in Yamagata (@) and Tsuruoka (O).
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Fig. 5. Seasonal variation of non-sea salt sulfate deposition rate (ug/m®) in dry
deposition in Yamagata (@) and Tsuruoka (O).
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Fig. 6. Seasonal variation of SO2 concentration (ppm) in atmosphere in Yamagata

(@) and Tsuruoka (O).

THR6ERTWEILERTESAGNS. ZORI
DT RE P RETH S,

3) FEBEMHINITLLF

JEHEME AN S 9 L4 F Y DELRFE LT LeE
FEHERYH - B R BB Z A TE S, \LIERE
fREt Y % — (1993-1999) (EETHEME (t/km®/month)
OMEEITF->T S (Fig. 7). JEILF &L @R THT
bh T3 AEETCIEHE STy, B EEE

& IZH ARz L 22/ T b diiEREE T 20km ($
ELMBRTWENWI AL HIIRILLEIAGN 30
T, UTOBRIHHOF -2 53281245, B
THRIESHIIE L B & B IZE» ST TRIEHY L
RYBHEAEWELAR SN, —F, IWBELEMT
LU 7-JEdptatE L o A4 & VBRI HEEIZPR L
AT B3 EMBELR SN (Fig.8) 5, W3k TH
BOBA LI L THEL IO TR, H-T, ¥l
BTz gEh Tos3EEEI L > 9 a4+ L DED



210

Dust (t km*/month)
101

—@— Yamagata
—O— Tsuruoka

1994.1. 1995.1.

1996.1. 1997.1, 1998.1.

Year

Fig.7 Seasonal variation of dust deposition rate (t/km?/month) in atmospere in

Yamagata (@) and Sakata (O).
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Fig. 8. Seasonal variation of non-sea salt calcium deposition rate (zg/m?) in dry
deposition in Yamagata (@) and Tsuruoka (O).
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Fig. 9. Seasonal variation of zinc deposition rate (ng/m?) in dry deposition in
Yamagata (@) and Tsurucka (O).
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Fig. 10. Seasonal variation of lead deposition rate (ng/ m®) in dry deposition in
Yamagata (@) and Tsuruoka (O).
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Fig. 11. Seasonal variation of lead-zinc ratio (Pb/Zn) in dry deposition in
Yamagata (@) and Tsurucka (O).
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Chemical Composition of Dry Deposition in Tsuruoka and Yamagata,
Yamagata Prefecture, Japan

TaNAKA Shunpei*, YANAGISAWA Fumitaka* and Kotani Takashi**

In order to investigate the origin of the atmospheric particulate matter, dry depositions were collected, using high
volume air sampler, at two localities, Tsuruoka and Yamagata in Yamagata Prefecture, Japan, from 1993 to 1998.
Tsuruoka locates at the Japan Sea coastal area and Yamagata locates in the basin, 80 km far from the coast of the Japan
Sea. The deposition rates of water-soluble components (Na, K, Mg, Ca, SO4, NO3 and Cl) and acid-soluble components
(Pb and Zn) in the dry depositions were investigated. Sea salts (Na, K, Mg and Cl) increases both in Yamagata and
Tsuruoka in winter with the prevalence of the winter monsoon from Siberia, but the deposition rate in Tsuruoka is
higher than that in Yamagata all through the year. Nitric acid in Yamagata and Tsuruoka is higher in winter and lower
in summer, and agrees with seasonal variation of NOx in atmosphere. On the other hand, the seasonal change of non-
sea salt sulfate is not observed. Non-sea salt calcium in Yamagata and Tsuruoka is higher both in winter and spring.
The increase in spring is strongly related to the Kosa phenomenon observed in March 1998 at Yamagata. It means that
Kosa could be another source of non-sea salt calcium. Though deposition rate of zinc that was observed in Yamagata
and Tsuruoka is similar, deposition rate of lead in Tsuruoka was higher that in Yamagata.

Key Words: Chemical composition, Dry deposition, Yamagata, Tsuruoka, Kosa
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Table 1. Land Use of Argentina.

(BT : F ha)

1976 1981 1986 1991

BER 276,689 276,689 276,689 276,689

Bt 273,669 273,669 273,669 273,669

B 170,800 170,300 169,800 169,300
Hht 25000 F | 25000 F| 25000 F 25,000 F
S 2,200 F 2,200 F 2,200 F 2,200 F
SREEWE 143,600 F | 143,100 F | 142,600 F | 142,100 F
Rk 60,270 60,000 F 59,600 F 59,100 F

£ Dfth 42,599 43,369 44,269 45,269
i B O 1,477 1,580 F 1,640 F 1,690 F

F : FAO i
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Fig. 2. Division of Agricultural Meteorology in Argentina.
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Table 2. Irrigated Area is various states of Argentines.

(B4Y : F ha)
kS WHRmERt | S18%)
Mendoza 359.5 334
Satiago del Estero 125.0 116
Rio Negro 94.1 8.8
San Juan 93.6 8.7
Salta 932 8.6
Tucuman 82.4 7.6
Jujuy 63.5 59
Buenos Aires 435 4.0
Cordoba 39.0 3.6
Neuquen 315 29
Chubut 17.0 1.6
Catamarca 15.0 14
La Rioja 13.3 12
San Luis 55 05
La Panpa 22 0.2
it 1,078 100
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Fig. 3. Irrigated Yield in Mendoza.

219

EBOmMEE TS, AV F—4MizHir i TFkIz
& BT 2 ¥ F — 4 H oW 70km i 4 59~
CYLF UK E A THEAEL, ZhEFhi19~16
%DOMAEELD TS (FA4).

i, A F—9IMZir MEEBORENL, 0~
Shat’—FL<45% % i 5, mMMTIZNI %I
WBEE (£5).

3) EREa

AV F=HHOBFNNIZ L Lhb D, BEHKE
F4=vrEh T3, BE, 5208 IicHi347
T 2122 8 FhkmD WA L 2 TFkm DYk H 5. F

#*3. A2 F—4HOMmmEih R & G ki i,
(DGI Mendoza, 1995)
Table 3. Irrigated Area Registered Land Area in Mendoza State.

(4 : ha)
[RIIES HREH | SRBREHR
Mendoza 81,682 91,877
Tunuyan 91,000 105,490
Diamante 68,841 92,397
Atuel 87,000 119,766
Malargue 1,000 5,372
Arroyos y Vertientes 30,000 67,993
Rio Colorado e 72,650
&itt 359,523 555,545
[ Y TN

#Fd. A2 F-HHOITRERDOHE.

(DGI Mendoza, 1995)

Table 4. Groundwater Use Area Proportion in Mendoza.
(B - %)
x4 | W& HX e X4 | #e
Ciudad 0.1  San Martin 186  Tupungato 24
Las Hearas | 2.7 Santa Rosa 6.1 San Carlos 37
Lavalle 80 LaPaz 0.7 Tunuyan 4.1
Lujan 4.8 Rivadavia 72 &t 10.2

Godoy Cruz| 0.2  Junin 6.7

Guaymallen | 8.4 it 39.3  San Rafael 83
Maipu 15.6 Gral. Alvear| 23
it 39.8 Malargue 0.1
gt [107

#F5. 2V F—HHOMESSNGIMEN K & VTR
(Censo Nacional Agropecuario, 1988)
Table 5. Irrigation Area in Mendoza.

HUR (ha) (LS TEH (ha)
0-5 14,147 35,193

51-10 6,849 51,9115.5
10.1 - 25 6,721 109,172
25.1 - 50 2,755 98,169
50.1 - 10 1,271 90,168
il 31,743 384,514
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