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Abstract: The aim of this study is to estimate the spatial distribution of aridity and moisture indices
using remotely sensed time-series data. For the analysis, we have chosen two simple climatic indices.
One of two indices was the De Martonne aridity index, and the other one was the Mezentsev moisture
index. The study area covers the total territory of Mongolia (~1.566 x 10° km?). Both indices could
be estimated from meteorological station-based air temperature and precipitation. However,
meteorological station-based recorded precipitation and temperature data with long coverage are
only available from a limited number of stations with insufficient spatial coverage. In other words,
these datasets suffer from uneven geographic coverage, with many areas of the Earth poorly
represented. In this study, therefore, we have used satellite-derived temperature and precipitation
data. Monthly mean air temperature has been estimated from MODIS LSTd, LSTn, and elevation
using RF regression. Precipitation data has been extracted from Climate Hazards Group Infra-Red
Precipitation with Station (CHIRPS) datasets. CHIRPS is gauge-satellite combined precipitation
data. Based on De Martonne and Mezensev formulas, and satellite-derived meteorological data,
spatial distribution maps of aridity and moisture indices in Mongolia were generated. The study result
showed that aridity was observed in all areas of southern Mongolia, and some areas in the west, and
grassland areas in the east, which is largely included in the dry steppe, desert-steppe, and gobi desert
zones. Moisture was observed in the forest and forest-steppe areas in north, central, northeastern,
and eastern Mongolia. A comparison of the aridity index and moisture index shows the following: of
the total territory, aridity is 31.9:31.4 percent, humidity 14.7:13.4 percent respectively. Dry steppe,
desert steppe, and Gobi desert zones are extremely sensitive to water resource variability and
availability.
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INTRODUCTION

The climate is a natural resource serving
as a basis for many kinds of socio-economic
activities. Applied classification of climate,
focused on concrete needs of economics and
social life, are considered. The ecological
potential of landscape (eco-potential) or the
ability to quantify ecological resources based
on climatic variables [1] are referred to in
classical natural science publications [2-13].
On the other hand, climate resource is the main
indicator of nature-ecology that determines a
nation’s economic sector and its development
[14]. Various climatic indices are widely used
to perceive climate mechanisms, and assess
climatic conditions [15]. The use the aridity or
humidity index to assess the territory from a
climatic point of view [16-17] is considered to
be significantly important. An aridity index is a
numerical indicator of the degree of dryness of
the climate at a given location [18]. Aridity is
the degree to which a climate lacks moisture to
sustain life in terrestrial ecosystems, and is the
opposite of humidity [19-20]. Several recent
studies, using the aridity index, have concluded
that aridity will increase with CO2 because of
increasing temperature [21]. Over the past
period, several researchers have estimated the
spatial distribution and spatial-temporal change
in the aridity of Mongolia, using the
meteorological station-measured temperature
and precipitation data based on aridity
equations. For instance, Nyamtseren, Feng,
Deo [22] estimated spatiotemporal variations of
four different indices over Mongolia, using
climatic data from 70 weather stations for the
period 1961-2015. Two of the four indices were
de Martonne aridity index and moisture
coefficient by Mezentsev. The results showed
that about 25.5 percent and 29.1 percent of the
entire area is classified as arid climate by the de
Martonne aridity and Mezentsev moisture
indices, respectively. Munkhdulam, Avirmed,
and Sainbayar [23] also estimated spatial
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different indices:
by Selyaninov,

of three
coefficient

distribution
hydrothermal
biological effectiveness index by Ivanov, and

bioclimatic potential by Shashko over
Mongolia using climatic data from some
meteorological stations and posts, land surface
temperature of the MODIS (Moderate
Resolution Imaging Spectroradiometer), and
precipitation data of the TRMM (Tropical
Rainfall Measure Mission) for the period 2000-
2014. Natsagdorj, Munkhbat, and
Gomboluudev [24] have assessed of the soil
moisture supply using annual precipitation,
Shashko’s humidity coefficient, Selyainov’s
heat-moisture  coefficient and  Ivanov-
Mezentsev climate biological productivity
index. In this study we have estimated the long
term trends of these indices. The aim of this
study is to estimate the spatial distribution of
aridity and moisture indices using remotely
sensed time-series data.

Study area

The study area covers the total territory of
Mongolia (~1.566 x 10° km?). The land surface
elevation fluctuates between 524 m and 4320 m
above sea level, gradually increasing from east
to west (Figure 1). 83.7 percent of the total area
of Mongolia is located at an elevation of higher
than 1000 m, which is one of the reasons for the
temperate climate. Climate conditions are
continental, with Mongolia being a semiarid
and arid region distinguished by a long, cold
winter and dry, hot summer, low precipitation,
and an average of 260 sunny days per year. The
average temperature ranges from -8°C to +6°C
with strong temperature gradients. Total annual
precipitation ranges from 50 mm in the desert
regions to 500 mm in the high mountain areas.
Spatial variation gradually increases from south
to north.
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Figure 1. Study area with meteorological stations (n = 63). Elevation data extracted from the shuttle radar
topography mission (SRTM) digital elevation model (DEM) with a resolution of 90 m

MATERIALS AND METHODS

A. Method

Based on literature review  of
international and national research, we have
chosen two climatic indices. One of two indices
was the De Martonne aridity index, and the
second one was the Mezentsev moisture index.

1. De Martonne (1925) aridity index [25]

In this study, we have chosen the De
Martonne aridity index (Iar). In the first half of
the past century, the index was developed by
the French researcher Emmanuelde Martonne
[26]. It is one of the oldest aridity indices and it
has still been widely used in climatology
because of its efficiency and relevance
concerning arid/humid climate classification
[27-30]. The index may be calculated both on
an annual and on a shorter period basis. The
annual value of the De Martonne aridity index
is calculated as in the below Equation (1).

Where
I, — De Martonne aridity index (mm/°C)
P —The sum of annual precipitation (mm)
T — The annual mean air temperature (0C)
For seasonal aridity, the index was
calculated as in Equation (2).

4Ps
Iy = T+ 10 (2)
Where
P, — The sum of seasonal precipitation
(mm)

T,s — The seasonal mean air temperature
(oC) for the analyzed season.

The monthly value of the De Martonne
aridity index calculated as in Equation (3) [31]

12pP’
lor =777 70 3)
Where
P’ — The sum of monthly precipitation
(mm)

T' — The monthly mean air temperature.

ler =173 10 @
Table 1. Climate classification of aridity based on De Martonne equation [31]

Climate type I, value

Arid <10

Semi-arid 10-20
Mediterranean 20-24

Semi-humid 24-28

Humid 28-35

Very humid 35-55

Extremely humid >55
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P
[0.2Y.T< 90 + 306]
P — The sum of annual precipitation (mm)

T, ,00c — The sum of the mean temperature
above 10°C

2. Mezentsev (1969) moisture index [32]

The moisture index was developed by a
Russian scientist Mezentsev in 1955 [33].
Mezentsev and Karnatsevich [32] proposed to
apply the runoff constant to define the climatic
humidity in regions with a low density of
hydrological network [22].

MI = 4)

Table 2. Climate classification of humidity based on Mezentsev equation [34]

Climate type Moisture type MI value
Insignificant moisture <0.2
Arid Poor moisture 0.2-0.3
Low moisture 0.3-0.4
Insufficient moisture 0.4-0.5
Dry and insufficient moisture Irregular moisture 0.5-0.8
Moderate moisture 0.8-1.0
Sufficient moisture 1.0-1.2
Humid and high humid Moderately high moisture 1.2-1.5
High moisture 1.5-2.0
Extra humid Excess moisture >2.0

B. Data

In this study, we used two kinds of
meteorological data, namely, air temperature
and precipitation.
Air temperature

Direct measurements of air temperature
at a height of 2 m above ground are only

spatial coverage of these measurements is
inadequate. On the contrary, satellite-derived
land surface temperature (LST) data are
continuous in both spatial-temporal coverage
and are relatively inexpensive. However, the
satellite does not directly measure Ta but only
the LST. In this study, we used estimated air

available from a limited number of temperature data from satellite-derived land
meteorological stations. In Mongolia, the surface temperature (LST) (Figure 2) [33].
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Figure 2. Estimated monthly mean air temperature over Mongolm for the period 2002-2017,
based on RF regression model using LSTd, LSTn, and elevation as predictor variables at 1 km spatial resolution [35]
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Otgonbayar et al [35] developed a
statistical model to estimate monthly average
near-surface air temperature over Mongolia,
based on Random Forest (RF) regression model
using a Moderate Resolution Imaging
Spectroradiometer (MODIS) day-time LST
(LSTd), night-time LST (LSTn), and elevation.
Precipitation data

Accurate estimates of precipitation (e.g.
spatial distribution, amounts, and intensity) are

Gauge measurements

Radar measurements

vitally important components of the global
hydrological cycle, and their spatiotemporal
variability directly affects regional water
resources. However, the properties of
precipitation and the limitations of the
observing system make quality estimates of the
precipitation challenging. Precipitation is
mainly measured with three methods, which are
the gauge, weather radar, and remote sensing
(see, Figure 3).

Satellite sensor measurements

In other words, all precipitation data sets
around the world can be divided into three
groups: gauge datasets, satellite-based datasets,
and harmonized gauge-satellite products [36].
In these three schemes individual advantages
and disadvantages have been observed. Gauge
measurements are used to directly estimate the

point precipitation at the land surface,
determining the total amount of rainfall with
high quantitative accuracy as it accumulates
over time. However, gauge measurements have
several drawbacks, such as large areas without
ground observation stations (coarse spatial
coverage), a high proportion of missing data,
and short length records. Wind and evaporation
also affect gauge measurements. Measurements
of weather radar provide reasonable spatial
coverage of precipitation for a large area of up
to ~300 km from the radar site. However, in
radar precipitation, measurements also have
several limitations including ground clutter,
beam height alteration, and beam blockage by
mountains and high buildings.

24

Precipitation data derived from satellites
can potentially beat the issues of data scarcity
caused by loose rain gauges. But at most,
satellites pass over a region twice a day-even
with the near-global coverage of satellites-
potentially missing precipitation events.

In this study, we used precipitation
extracted from Climate Hazards Group
InfraRed Precipitation with Station (CHIRPS)
data. CHIRPS data was overall far more
accurate than other precipitation. CHIRPS is a
gauge-satellite combined precipitation data at a
spatial resolution of 1 km. The disadvantage of
the CHIRPS data is its limited spatial coverage.
Indeed, CHIRPS only covers the area 50S°-
50N° whereas the northern part of Mongolia
goes up to 52N°. To generate a gap-free wall-
to-wall map for the entire territory of Mongolia,
we filled the part of Mongolia between 50°N
and 52°N with data from the Climate Hazards
Center’s Precipitation Climatology data version
1.0 (Figure 4).
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Figure 4. The sum of monthly precipitation extracted from CHRIPS for the period 2002-2017

RESULTS AND DISCUSSION

In this paper, we have estimated spatial has been shown in Figure 5. The study result
distribution aridity and moisture indices over showed that 31.9 percent of the study area is
Mongolia derived from satellite-based time arid, 22.6 percent semiarid, 18.6 percent
series temperature and precipitation data for the Mediterranean, 11.9 percent semi-humid, 8.1
period 2002-2017. The spatial distribution map per cent humid, 2.9 percent very humid, 3.7
of De Martonne aridity index over Mongolia percent extremely humid (Table 3).
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Figure 5. Spatial distribution map of aridity index over Mongolia for the period 2002-2017

Table 3. Climate classification of aridity based on De Martonne equation [31]

Climate type I, value ol Area %
Arid <10 499711 31.9
Semi-arid 10-20 358031 22.9
Mediterranean 20-24 290412 18.6
Semi-humid 24-28 186364 11.9
Humid 28-35 126321 8.1
Very humid 35-55 44634 2.9
Extremely humid >55 58642 3.7
The spatial distribution map of percent dry (fluctuation from insufficient
Mezentsev moisture index over Mongolia is moisture to moderate moisture), 13.6 percent
shown in Figure 6. The study result showed that humid or fluctuation from sufficient moisture to

31.4 percent of the study area is arid, 55.3 high moisture (Table 4).
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Figure 6. Spatial distribution map of moisture index over Mongolia for the period 2002-2017
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Table 4. Climate classification of humidity based on Mezentsev equation [34]

. . Area

Climate type Moisture type MI value Kl %
Insignificant moisture <0.2 74775.7 4.8

Arid Poor moisture 0.2-0.3 141660.2 9.1
Low moisture 0.3-04 273350.5 17.5

Dry and insufficient Insufficient moisture 0.4-0.5 154277.8 9.9

moisture Irregular moisture 0.5-0.8 462544.9 29.4
Moderate moisture 0.8-1.0 249917.3 16.0
Sufficient moisture 1.0-1.2 145615.8 9.3

Humid and high humid Moderately high moisture 1.2-1.5 52472.6 34
High moisture 1.5-2.0 9451.1 0.6

Extra humid Excess moisture >2.0 50.1 0.0

The study result showed that aridity was
observed in all areas of southern Mongolia, and
some parts in the west and grassland areas in the
east, which is largely included in the dry steppe,
desert-steppe, and gobi desert zones. Moisture
was observed in the forest and forest-steppe
zones in the north, central, northeastern, and
eastern Mongolia. Compared A comparison of
the aridity and moisture index revealed the
following: 31.9:31.4 percent arid, 14.7:13.4
percent humid of the total territory,
respectively. Dry steppe, desert steppe, and
gobi desert zones are extremely sensitive to
water resource variability and availability.

Nyamtseren, Feng, Deo [22] estimated
spatiotemporal variations of four different
indices over Mongolia using climatic data from
70 weather stations. Two of the four indices
were de Martonne aridity index and moisture
coefficient by Mezentsev. The results showed
that about 25.5 percent and 29.1 percent of the
entire area is classified as arid climate by de

CONCLUSIONS

In this study, the widely used two simple
indices were applied to estimate the aridity and
moisture condition of Mongolia. In order to
estimate the spatial distribution of aridity and
moisture indices, we used the De Martonne and
the Mezentsev formulas. Both indices could be
estimated from meteorological station-based air
temperature and precipitation. However,
meteorological station-based recorded
precipitation and temperature data with long
coverage are only available from a limited

27

Martonne aridity and Mezentsev moisture
indices for the period 1961-2015, respectively.
Nyantseren [22] has also illustrated the trend of
these four different indices using the Mann-
Kendall test. The results indicated that in the
central, northern, and northeastern parts of
Mongolia there was a decreasing tendency for
the period 1961-2015.

Our study results showed that about 31.9
percent and 31.4 percent of the entire area is
classified as arid climate by de Martonne aridity
and Mezentsev moisture indices for the period
2002-2017, respectively. Comparison result
showed that de Martonne aridity index is
slightly less successful. Mezentsev moisture
index gave similar results. Therefore,
Mezentsev moisture index could be useful for
various environmental applications.
Furthermore, we will illustrate the trend of
aridity and moisture indices using the Sen Slope
test.

number of stations with insufficient spatial
coverage [35]. In other words, these datasets
suffer from uneven geographic coverage, with
many areas of the Earth poorly represented
[37]. Therefore, we used satellite-derived
temperature and precipitation data. Monthly
mean air temperature was estimated from
MODIS LSTd, LSTn, and elevation using RF
regression [35]. Precipitation data were
extracted from CHIRPS datasets. CHIRPS is a
gauge-satellite combined precipitation data.
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Based on De Martonne and Mezensev
formulas, and satellite-derived meteorological
data, spatial distribution maps of aridity and
moisture indices in Mongolia were generated.
Those maps were produced at a resolution of 1
km for the period 2002-2017. Here, we
estimated the spatial distribution of the annual
aridity and moisture indices. Furthermore, we
will estimate the spatial distribution of monthly,
and seasonal aridity indices using Equation 2-3.
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