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Abstract

As the effects of climate change is continuing to pose large problems that affect
ecosystems and communities around the world, arid and semi-arid places where there
is a big imbalance between annual precipitation and evapotranspiration are exposed to
more frequent and intense droughts due to temperature increases. Therefore,
understanding different drought types concerning their severity, duration, and spatial
extent is crucial to mitigate drought risks which can prevent huge environmental and
economic losses. In this study, an analysis of long-term drought conditions in Nalaikh,
Terelj region was done using the Standardized Precipitation Index (SPI) and Normalized
Difference Vegetation Index (NDVI) between the years 1990 to 2018. Precipitation
records of the study period were analyzed to define drought characteristics using the SPI
and to identify drought events at 1-, 3-, 6-, 9- and 12-month timescales. The results
showed that there were several moderate to extreme drought events from 1990 to 2018
with ranging durations. Significant drought events with SPI values higher than —2.0 were
recognized at all time scales, although the frequency of each episode was decreasing
as time scales increased. Moderate and severe drought events were observed the most
at SPI 1- and 3-month timescales respectively with 54 and 21 events. Vegetation data
from the Landsat 4,5 and 7 were collected and utilized to generate maps at a two-year
interval from 1990 to 2018 using NDVI. Even though dry periods led to less vegetation,
an indication of severe drought events could not be seen from the NDVI values as the
value did not fall below —0.7 at SPI values with different intensities. The NDVI values
were able to show variability and spatial distribution of drought events, excluding several

years with weak correlation.
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1 Introduction

Over the last several years, attention towards the major environmental problems such
as climate change and the growing scarcity of water resources has been gaining
attention among the researchers following the rise in water demand and increasing level
of greenhouse gases in the atmosphere. According to the 2018 study by the UNCCD,
globally approximately 40% percent of the population has difficulty accessing potable
water resources, and livestock losses due to drought conditions were estimated to be a
staggering 85.5% percent (1). Among many other environmental problems that we are
facing, drought is acknowledged as one of the most damaging and urgent natural
hazards considering its impacts on significant economic and ecologic losses (2).
Because of their long-term persistent nature, it is often extremely hard to determine the
drought characteristics as it increases in size and expands slowly for years (3). As the
global temperature is rising at an unprecedented level compared to the pre-industrial
level, its effects are resulting in extreme climate events such as severe thunderstorms,
droughts, and heatwaves across the world (4,5). As a result of climate change, in
countries around the middle latitudes, more severe and frequent droughts are expected
to occur in the 21% century (6-8). Therefore, it is crucial to identify and define the
characteristics of drought before it brings a significant negative impact both on the
environment and on the livelihood of people living in those impoverished places.
Depending on the severity and frequency, drought can affect people’s lives immensely
in the long term, particularly in arid and semi-arid areas of the world (9). Because of its
unusual complexity compared to other natural hazards and far-reaching effects, defining
drought has been one of the challenging parts of earlier studies. Without a clear
definition, it is difficult to identify and monitor the major characteristics of drought:
intensity, duration, severity, and spatial magnitude (10). However, by considering its
various aspects, drought classification can be divided mainly into four different types
depending on the disciplinary views: meteorological drought, socioeconomic drought,
agricultural drought, and hydrological drought (10,11). Meteorological drought is a
phenomenon in which there is a very little rainfall or rainfall deficit causing a long period
of dryness further increasing the probability of causing origins of other types of droughts.
Agricultural drought combines the effect of reduced crop yields, water deficit in soil, and
other various characteristics of meteorological and hydrological drought (12). If the
period without precipitation persists over a long period, the water supply cannot be
satisfied with the insufficient amount of groundwater and the lack of streamflow. Such a
condition is called hydrological drought which usually follows meteorological drought

after it ends. When the impacts of drought influence the economic chain and livelihoods
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of people by disrupting the supply and demand of socioeconomic goods, it is associated
with socioeconomic drought (10). Generally, drought can be understood that it concerns
water shortage and is a normal, recurrent feature of climate (13). Globally, drought is
the second biggest (7.5%) natural hazard in terms of land area after floods which is 11%
percent of the earth’s land area where severe droughts have doubled the percentage of
area affected in several decades from the 1970s (14).

As drought occurs mostly in the grass- and bare lands especially in semi-arid and arid
regions around the world, it is one of the most widespread natural hazards in Mongolia
where over 25% percent of the total land area of the country is affected by drought (15).
Therefore, the understanding of the precipitation patterns and drought characteristics
including its key factors such as frequency and spatial extent is extremely crucial to
combat its biggest negative effects: pasture desertification and imminent threat to the
lives of nomadic people (2). For that reason, the study of drought occurrence and its
development is important for effectively evaluating the situation, increasing awareness,

and avoiding conceivable losses (16,17).

With the help of technological developments such as advanced remote sensing and
geographic information system (GIS), monitoring of drought has become more
accessible and larger areas can be analyzed (13). Drought monitoring methodologies
are being developed by researchers for several decades and they differ in their use of
available data, monitoring area, and other relevant influencing factors. Commonly, there
are site-based and remote sensing-based indices (18). For Mongolian Plateau, applying
indices that use available precipitation data is more practical than utilizing complex
drought indices that often use the data from potential evapotranspiration (ET) in their
calculation. Considering the lack of sufficient ET data in arid and drylands of the
developing world, McKee et al. (19) introduced the Standard Precipitation Index (SPI)
which is suitable for such conditions and has been attracting significant attention for its
performance and relatively simple measurement of drought (2). Drought characteristics
are unique to the regional environment, and it is crucial to understand the leading factors
with specific indices suitable to analyze certain aspects of the drought. Therefore, setting

specific study objectives will be significant for the outcome of this study.



1.1 Objectives of the study

The thesis aims to assess meteorological SPI-based drought and agricultural NDVI-
based drought conditions in territories around Nalaikh district in Ulaanbaatar city by
characterizing based on satellite datasets during the period from 1990 to 2018. The main
objectives are the followings:

- To define long-term drought conditions based on satellite-based meteorological data
using the Standardized Precipitation Index (SPI) with different time scales for 12 months
from 1990 to 2018.

- To characterize drought spatial distribution regarding agriculture period (vegetation
peak growing season) in one of the months of June, July, and August regarding the data
availability using satellite-based Normalized Vegetation Difference Index (NDVI) during
the period from 1990 to 2018.

- To identify drought conditions with their frequency, intensity, and duration at different

timescales based on SPI.

- To analyze the correlation between NDVI and SPI indices regarding its point results.



1.2 Study Area

Nalaikh is one of the nine districts of the capital city which is located around 40 kilometers
away from the downtown area of Ulaanbaatar, Mongolia. Since the official closure of coal
mining activity in 1992, illegal mining activities have been continued for several years
causing several environmental issues in the area (20). At 1459 meters above sea level,
Nalaikh has a cold and semi-arid climate with an average precipitation of up to 250 mm.
During the summer months from June to August, the mean air temperature fluctuates
between 10°C and 26.7°C. In the wintertime, the air temperature reaches -15°C to —30°C.
Nalaikh, Terelj area is surrounded partially by Khentii Mountain Range and Bogd Khan
Mountain where the entire area is used as pastures covered by taiga forest-steppe and
steppe. Because of the surrounding mountains, Nalaikh valley’s geological features are
comprised of alluvial sediments which mostly contain clay, sand, and sparse gravel.
Around the massif, mostly rock soil and loamy sand are present with soil types of

Kastanozems and Chernozems (21).
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2 State of the art

As a result of climate change, precipitation patterns are changing and an increase in the
magnitude of drought and flood events are observed around the world (22). Amongst
many other natural disasters, the economic damage caused by drought accounted for
22% percent of the total, while it increased to 33% percent of the damage when the
number of people who were impacted was accounted. To that extent, it is considered the
most catastrophic and damaging natural hazard in terms of economic damage (23).
Therefore, drought mitigation and prevention against the risks and their impacts are
important. If the duration of the drought continues for a longer period and covers a larger
area, permanent damage can be done to the environment (24). Consequently,
researchers have developed definitions to describe drought characteristics such as
frequency, duration, and intensity. Drought frequency is defined as the number of
droughts occurring in a given period. Duration of the drought refers to the total amount
of time until the end of the drought from the beginning. Intensity can be defined as the
severity of drought while in its occurrence (17,25). As the definition of drought
characteristics and its classification is the first step toward the assessment of drought,
understanding drought as a part of the hydrologic cycle is also important. Rossi et al.
(24) estimated that the relationship between precipitation and evapotranspiration is a
critical component depending on the time of the season and other factors including

precipitation duration and rainfall events.

Over the years, to evaluate the drought condition and its impacts, many indexes have
been developed and used by researchers (2,11,17,18,26). Because of the complexity of
drought events, it is often required to utilize different indices and variables to characterize
them. Many drought indices have been developed over the past few decades where they
became more comprehensive in terms of approaches, complexity, and the use of remote
sensing data as its input as well as experts’ inputs. Among many indexes that are used,
the most common are the Standardized Precipitation Index (SPI), Palmer Moisture
Anomaly Index (z-index), and the Palmer Drought Severity Index. As a standardized
index, since its introduction by McKee et al. (19), it has received much attention due to
its simplicity (27). The SPI is based on only precipitation, and it was developed for
different time scales to quantify the precipitation deficit. Sternberg et al. (2) suggested
that SPI can be a useful tool to predict both future and immediate drought events by
selecting a timescale to identify precipitation patterns. However, drought prediction
remains a difficult task as the variable precipitation field characteristics are random. A

study conducted by Bayarjargal et al. (28) concluded that the use of satellite-driven
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drought indices was more effective at identifying broader areas than PDSI. With the help
of the capacity of remote sensing data, acquiring necessary information has been no
longer inconvenient (22). The effectiveness of the drought assessment can be increased
by combining different indicators such as precipitation and soil moisture and Hao et al.
(10) suggested that drought monitoring and warnings can be done with different aspects
of drought characteristics.

The assessment of drought depends on the quality of the primary data. As it was advised
by Rossi et al. (24) that it is highly preferable to have easy to access data that covers
the study area equally at all points with a sufficiently long duration to process statistically.
When comparing drought conditions, the SPI is suitable because of its standardization
(29). Since SPI uses a univariable: precipitation as its input, the addition of other
influential climate parameters affecting drought is needed to be discussed. Therefore,
the advancement in remote sensing technology enables researchers to track drought
conditions and variables over significantly larger areas and higher temporal scales with
the help of modern approaches by using different variables as inputs (27). This has been
discussed by Sternberg et al. (2) that the use of remote sensing data as an input for
drought assessment using SPI improved the number and extent of droughts to be
measured in a significantly short amount of time while allowing researchers to identify
trends at a larger scale. The author emphasized that with the help of the tool, researchers
would be able to distinguish the implications of a drought event whether the drought is a

part of a dry period or solely an isolated episode.

When assessing drought, attributed factors are important to be considered. Several of
those factors include precipitation, temperature, evapotranspiration, atmospheric
circulation, and the hemispheric nature of the area (14). The primary cause of the drought
is undeniably a decreased rate of precipitation. And a large number of existing studies in
the broader literature have examined that during the months when the precipitation is
substantially low, signals of drought events were recognized significantly compared to
the months with lower rainfall (29-34). This has been reported by Karl et al. (35) that
difference between the precipitation amount during the normal period and a precipitation
deficient period depends commonly on the amount of precipitation from a small number
of storms. The authors concluded that the occurrence of drought in a season is possible
when the number of large storms is significantly low. However, it was noted that when
the amount of rainfall is not substantially lower than the normal period, the drought
condition is not necessarily expected to be the result. It was reported in the literature that
multi-year droughts were generally in correlation with significantly higher surface-air

temperatures.
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As the lack of rainfall for a longer period can result in drought conditions, another factor
is as influential as the amount of precipitation. One of the most significant elements of
hydrology is evapotranspiration and it plays a crucial role in both meteorological and
hydrological drought assessment. It refers to the water exchange between the land
surface and it depletes the amount of water that is remaining in lakes, rivers, and soil
(14,36). It was estimated that about 67% of water is transmitted by ET. In the past, there
has been a question of whether the pattern of drought is repetitive. A study on the
association between the drought event and atmospheric circulation patterns (ACP)
showed that frequent and persistent ACP is closely connected with drought conditions
(14).

There have been numerous studies investigating drought conditions in Mongolia
(2,32,37-39). According to Nagarajan (14), the view on droughts should not only be
limited to their physical effects but also their impacts on many other fields. In the research
work by Tumenjargal as cited by (36), because of the precipitation decline in arid regions
and decrease in relative humidity, the duration of rainfall lasted shorter combined with
the increasing number of dust events and low infiltration of water into the soil.
Consequently, there is evidence of pasture production being reduced to a significantly
low level due to the stress caused by long-term exposure to drought which proves the
severe negative impacts of drought on herders’ livelihoods. Therefore, as suggested by
Natsagdarj & Renchin (40) that weather forecasting during a period with significantly
higher dryness is essential for all-natural zones from high mountains to steppe and
desert. According to the study done by Engman as cited by Vova (36), as a result of
carbon emissions only under the scenario of low-moderate level, it was found that until
the end of the 21% century the increase in the frequency of droughts in arid and dry
regions is highly likely. However, this phenomenon of dry regions becoming drier is
hypothesized, but it was only confirmed under the scenarios where drought occurrences
were driven by precipitation deficiency (30). Previous studies have shown that for the
last couple of decades, in countries located in the Northern Hemisphere, extreme drying
trends have been reported including Mongolia which led to a substantial decrease in
vegetation activities over drought-affected areas as shown by NDVI (38,41).
Nandintsetseg and Shinoda (39) studied drought characteristics from 1965 to 2010 using
various data from the growing season from April to August including soil moisture and
meteorological data. They concluded that even though the frequency of drought in
different zones did not differ significantly, the occurrence of short-term meteorological
droughts was more frequent than agricultural drought where persistency was noticeably

higher than that of agricultural or pasture drought. Another earlier finding from Sternberg
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et al. (2) discovered that drought events varied with the location of the meteorological
stations and measured time scales. The author concluded that as a result of global
warming and the amount of precipitation with its temporal variations, Mongolia has been
affected by drought events.

As a significant factor affecting drought occurrences, climate change has received
attention for the last few decades (14). Studies on the various aspects of climate change
are well documented, and it is also well acknowledged that its impacts are significant for
the livelihood of humanity and the ecosystem that surrounds us (42). Following the
increase in water consumption because of population growth, it was studied that the
vulnerability of arid and semi-arid areas around the world is relatively higher to drought
events with less precipitation (27). Hence, it was recognized by the Intergovernmental
Panel on Climate Change (IPCC) as the most vulnerable region being affected by climate
change. According to Kdppen'’s climate classification system, there are five climatic types
including tropical moist climate, dry climate, moist mid-latitude climate with mild winters,
moist mid-latitude climate with severe winters, and lastly, polar climates (14). Mongolia
has an extreme continental climate with long, harsh winters and short summers where
most of the precipitation falls. It can be classified generally as Dwc climate type: a snow

climate with dry winters (43).

In cases of extreme droughts and other natural events, considering vegetation in affected
areas is crucial for both agricultural and economic purposes (26). For the assessment of
vegetation, Normalized Difference Vegetation Index (NDVI) is used. It indicates the
difference between the near-infrared (NIR) and red reflectance which is used for plant
stress as a result of drought. One of the biggest advantages is that NDVI can be used in
many different areas including pasture fields, agricultural areas, and drought monitoring
(27,44). There exists a considerable body of literature on monitoring drought using NDVI
commonly in agriculture-related studies (26,41,45). As studied by Myneni and Hall and
cited by Vova (36) it has been shown that NDVI is closely in connection with the plants’
photosynthetic capacity. It was reported by Rotjanakusol et al. (41) that the relationship
between the vegetation index and precipitation is important to identify the areas affected
by drought. Calculation of the NDVI is done by digital image processing coupled with
mathematical computation of the remote sensing data gathered by satellites. The result
of the NDVI illustrates the condition of vegetation in a specific period and its change
concerning weather and climate variations. Because of the characteristics of NDVI value,
it is commonly used with meteorological indicators such as SPI, PDSI, and Moisture
Anomaly index. This has been explored by Rimkus et al. (44) that there was a positive

correlation between SPI and NDVI when used in agricultural areas which depend on
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rainfall for their irrigation. On the other hand, a negative correlation was established in
irrigated areas. As reported by Gebrewabhid et al. (45) the application of SPI and NDVI
together was able to demonstrate the drought variability with 3-months and 6-moths SPI
and NDVI analysis performed by using Landsat 5 imagery. Previous research showed
that drought indices that use satellite-based data can identify broader areas that are
affected by drought than the meteorological-based indices and ground-observed
drought-affected areas (DAA) maps (28). The authors concluded that the selection of the
most suitable drought index depends on the researchers’ objective and is difficult to
choose the most reliable considering each of the indices provides individual outcomes.
They also noted that the information from ground observations was insufficient to validate
the results of the drought indices that used satellite data.

Several studies previously reported that the impacts of climate change and the changing
precipitation patterns are already influencing the water supply around the world which in
turn leads to water scarcity (46). One of the biggest negative effects of drought is to both
disturb the water supply and create long-term economic challenges for the livelihoods
that are affected. Therefore, a comprehensive study on drought events is essential in

terms of mitigating the adverse consequences and preventing future risks. As a result
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Figure 2. Koppen climate classification for the Mongolian territory (14)

of meteorological drought, moisture deficit in the soil occurs. From regular moisture
deficit in the soil to surface water shortages to disturbance in the water supply system,

the whole process can have environmental, economic, and intangible impacts.
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Consequently, even though precise classifications of drought impact are complicated,

there are three main categories: economical, environmental, and social.
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Figure 3. Drought phenomenon and the role of mitigation measures (24)

In figure 3, common types of droughts and their impacts are listed with mitigation
measures (24). Because of drought, a chain of both environmental and economic
damages can occur. Examples: economic losses in agriculture-related and dependent
industries, unemployment in those fields, and financial pressure on the water supply
system including transportation of water and development of sources. On the
environment, a major impact takes place on land and soil. Research conducted on the
topic has emphasized that the main effect is erosion as a result of the loss of plants and
wind. The process is amplified by wildfires and anthropogenic activities which cause
erosion. Because of the wildfires, the permeability of soil decreases heavily which further
becomes the cause of soil moisture deficit. The concentration of dust and contaminants
in the air rises due to a lack of precipitation and humidity. In contrast to other natural
hazards, drought does not cause severe impacts in a short amount of time. However, in
the long term, the spatial extent of drought-affected areas increases considerably (14).
On this account, substantial and effective drought mitigation can be done with the help
of an effective plan along with a constant and reliable drought monitoring system (24). It
was suggested that the most important aspect of implementing effective drought
management is to prevent the environment and water supply system to be affected by

drought events.
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3 Methodology
3.1 Chapter objective

The objectives of this chapter are to provide systematic structure to the process of this
study and to develop further insight into the topic. In this chapter, methods of the data
collection and processing as well as the processes of the drought assessment will be
discussed.

3.2 Data and method
3.2.1 Drought Indices

There are more than 100 known drought indicators and indices that have been used to
assess various types of droughts (47). Generally, the use and the application of the
drought index depend on the type of drought under assessment. According to the
National Drought Mitigation Centre (NDMC), the type and the impact of drought play an
important role in the determination of a specific drought index. In figure 4, the drought
impact classification with its associated types can be seen. As shown in figure 4,
researchers apply various types of indices based on the type of drought with its impact
and the objective of the specific study. Commonly used indices include Standardized
Precipitation Index (SPI), Normalized Difference Vegetation Index (NDVI), Palmer
Drought Severity Index (PDSI), Standardized Precipitation Evapotranspiration Index
(SPEI), Drought Area Index (DAI), Palmer Hydrological Drought Severity Index (PHDI),
Surface Water Supply Index (SWSI), Crop Moisture Index (CMI) and Palmer Moisture
Anomaly Index (Z index) (48).

PDSI was developed in 1965 and is ideally a standardized measure of moisture supply

developed originally for U.S agricultural regions.
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The range of the PDSI is usually between -4 and +4 where negative values indicate a
water shortage. For studies related to climate change in which the role of temperature is
crucial, SPEI was developed as a multi-scale drought index by including temperature as
one of its inputs. It is based on the difference between potential ET and monthly

Natural stochastic
climate variables

Prempﬁafuon d;flm_en_cy Low relative humidity
(amount, intensity, timing)
[ ] Il
l High temp., high winds, greater Meteorological
sunshine, less cloud cover drought
Reduced infiltration, runoff, deep |
° percolation, and ground water -
£ recharge Increased eve_lpo_ratlon and
= transpiration
+
Soil water deficiency
Agricultural
\/ Plant water stress, reduced drought
biomass and yield
Reduced streamflow, inflow to
reservoirs, lakes, and ponds; Hydrological
reduced wetlands drought
}
/ Impacts %\‘
I
‘ Economic Impacts | ‘ Social Impacts ‘ ‘ Environmental Impacts |

Figure 4. Drought impacts associated with meteorological, agricultural, and
hydrological drought (48)

precipitation. In its nature, SPEI is closely related to SPI where both can be calculated
at various timescales. Its main application includes the study of future climate change
(10). The DAl is an index used to calculate drought persistency. However, because it
was specifically developed for India, calibration is required to be used for other regions
around the world. The following two indices are developed for the assessment of
hydrological drought. The PHDI is similar to PDSI, but the difference is that the PHDI has
a stricter criterion for drought eradication. An ending of a drought event happens
according to the PHDI when the water deficit disappears (11). It is suitable for the PHDI
since the development of hydrological drought is slower than meteorological drought.
For the assessment of mountainous areas, Shafer and Dezman developed the SWSI
which specifically describes snowpack and its runoff (48). Compared to meteorological
and hydrological drought, agricultural drought explicitly deals with cultivated plants.
Agricultural droughts can occur quickly due to plants' constant demand for sufficient
water, likewise, they can also end abruptly. Significant and short-term variations in
volumetric soil moisture characterize the nature of agricultural drought (49). In
agricultural drought, CMI was developed to monitor short-term variations in moisture
conditions affecting the growth of crops. It is derived from the summation of ET deficit

and soil water recharge. Despite the advantages of the CMI, its biggest weakness is as

18



studied by Hayes as cited by Keyantash et al. (48) its lack of ability to assess long-term
drought. In this study, because of its simplicity and ability to take multiple timescales, SPI
was used with the NDVI for assessing the vegetation cover during the growing seasons.
The advantages and disadvantages of those two indices were discussed accordingly in
the following chapters, as well as the details of the application in this study.

3.2.1.1 Standardized Precipitation Index (SPI)

As a recommended drought forecasting index by World Meteorological Organization
(WMO), SPI is one of the most popular drought indices and it has been commonly used
by researchers since its introduction by McKee et al. (19). Ondrasek (22) defined it as
‘The number of standard deviations that the observed cumulative rainfall at a given time
scale would deviate from the long-term mean for that same time scale over the entire
length of the record’ (p.11). The calculation of the SPI can be achieved by constructing
a frequency distribution using precipitation data (preferably at least 30 years) at a certain
location for precipitation accumulated over a specific period. For example, if it is one
month (SPI 1), three months (SPI 3), 12 months (SPI 12), etc. Depending on the objective
of the study, the choice of different timescales can differ such as indices from SPI 1 to
SPI 6 are mainly used for seasonal variations in soil moisture meaning for the short-term,
while the long-term indices are useful for determining groundwater and reservoir
shortage are SPI 12 and above. As categorized by McKee et al. (19), drought can be
divided into several categories based on the value of SPI and it is used to define drought
intensities from the SPI. (Table 1)

Table 1. SPI value classification (19)

SPI value Drought Characteristics
2.0+ Extremely wet
1.5t01.99 Very wet

1.0t0 1.49 Moderately Wet
-0.99t0 0.99 Near normal

-1.0to -1.49 Moderately dry

-1.5t0 -1.99 Severely dry

-2 and less Extremely dry

In Table 1, positive SPI values are the indication of the greater than average precipitation
and negative values indicate the opposite. As shown, due to its normalization, SPI values

can also be used for wet periods in the same way as the dry period.
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The occurrence of drought events happens when the value of the SPI reaches the value
of —1.0 or less. When the intensity quantity becomes positive, the drought event ends.
Therefore, it can be realized that the intensity of each drought event can be determined,
including the duration which can be defined by its beginning and end.

In addition, the positive-sum of the SPI for all the months during the drought event can

be considered as the drought’s magnitude.

Because of its versatility, SPI has been used by many researchers and drought planners
around the world. As mentioned before, SPI uses only one parameter as its input and is
considered a simple yet extremely effective index compared to other drought indices.
However, its several weaknesses include its ability to quantify only the precipitation
deficit, values of the index may change based on the initial data following the change in
the period of record increases (19). One of the major advantages of the SPI is the ability
to determine the rarity of the present drought event because of its standardization. Also,
it enables the possibility to assess the amount of precipitation that is necessary to end
the current drought event. Additionally, the user can be able to properly compare
previous and present droughts across different climatic and geographic regions when

determining how rare or common (Table 2) a particular drought occurrence is (50).

Table 2. Probability of drought recurrence (50)

SPI Category Number of times in | Severity of event
100 years

0 to -0.99 Mild dryness 33 1lin 3 years

-1.00to -1.49 Moderate dryness 10 1in 10 years

-1.5t0 -1.99 Severe dryness 5 1in 20 years

<-2.0 Extreme dryness 2.5 1in 50 years

As evaluated by the World Meteorological Organization (51) strengths and weaknesses
of the SPI are summarized.

Strengths include:

e Itis simple and flexible for computation in multiple timescales

e Short timescales of SPIs from 1- to 2-month SPIs have the potential to warn

against drought and mitigate before the severity level increases
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e |ts spatial pattern is consistent: it enables researchers to compare the results
from different locations and climates around the world
e Because of its probabilistic character, it has historical significance for decision-

making purposes.
Weaknesses include:

e Itis based only on precipitation
e For the determination, soil water balance is not included: thus, calculations

including evapotranspiration (ET) cannot be calculated.

In this study, 1-, 3-, 6-, 9-, and 12-month SPI timescales were chosen.

The 3-month SPI can compare the precipitation over a specific 3-month period with the
precipitation totals from the same 3-month period for all the previous years in the record.
It is the reflection of moisture conditions in the short and medium-term, and it estimates
the seasonal precipitation. Compared to other indices, short-term SPI is extremely useful
in providing information about moisture because of the time delay. The comparison
between the 3-month SPI and longer timescales is crucial due to the fact that a normal
or wet period occurrence is possible during a long-term drought. The process is the same
as 3-month in a 6-month scenario. However, the result of a 6-month SPI is the indication
of medium-term precipitation trends. It has been considered that compared to Palmer
Drought Index, the sensitivity of the 6-month SPI is higher (18,52). In the case of a 9-
month SPI, inter-seasonal rainfall patterns can be demonstrated. Developments of
drought happen at least over a season or more. For 12-month SPI, long-term
precipitation patterns can be shown. Considering the nature of the 12-month timescale
which is the cumulative result of a period in the SPI values in negative and positive, as
the timescale of the SPI gets longer, it develops an inclination to reach zero if any

distinguishable period of wetness or dryness does not occur (52).
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3.2.1.2 Normalized Difference Vegetation Index (NDVI)

As a result of the increasing impact of drought on the earth’s ecosystem,
acknowledgment of vegetation response to drought severity has been gaining much
attention among researchers. (34) For this reason, to measure vegetation land cover
which is one of the eleven indicators of impact recommended by the UNCCD, NDVI is
used to monitor land degradation and vegetation from satellite-based tools by gathering
remote sensing data measurements. It is an unsophisticated indicator that quantifies the
vegetation by simply measuring the difference between near-infrared and red light. The
reflectance of near-infrared (NIR) lights is strong among vegetation, but on the other
hand, they absorb red light. The basic principle behind the application of vegetation
indices is that crucial data such as land and vegetation cover or water content of the
vegetation can be obtained depending on the band of the remote sensing spectrum. (53)
Interaction of the vegetation occurs differently with the sunlight where two main
processes including absorption and reflection of the sunlight occur within the vegetation.
Absorption of the sunlight is the strongest in green leaves, especially in the spectral
ranges where the colors are blue and red. However, as the wavelength of the light
increases, absorption no longer occurs, and reflectivity increases. The reflectance of the

vegetation in a different wavelength of the sunlight can be seen in figure 5. (53)
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Figure 5. Vegetation response to different spectral wavelengths (53)
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It was studied by numerous researchers that for vegetation index to be more effective,
sensitivity to affecting factors that influences reflectance of the vegetation such as solar
illumination and atmospheric conditions should be significantly low. (54,55) NOAA
AVHRR is one of the most used sensors for studying NDVI and figure 5 illustrates the
spectral band of the sensor to its reflectance.

The calculation of the NDVI is shown below in Equation 1. as developed by (Rouse Jr et
al. 1974) and cited by Yengoh et al. (53).

NIR—-RED
NDVI = m (1)

Here, NIR is the reflectance in near-infrared and RED is the reflectance in the visible red
band. NDVI is connected to photosynthetic capacity and combines these reflectance
characteristics in a ratio. The value of the NDVI ranges from -1 to +1. Positive values of
NDVI represent vegetation and as the amount increases, so does the chlorophyll content
of the specific zones. In figure 6, the illustration of the NDVI calculation is demonstrated

based on the amount of visible and near-infrared it reflects and absorbs.

On the left-hand side, healthy green vegetation can be seen where it absorbs more
visible light than the one on the right. On the right, it can be seen that sparse vegetation
reflects less NIR light. (56)

Near infrared Visible Near infrared Visible

RVETAVEY,

(0.50 —0.08) _
(0.50 + 0.08)

(0.40 — 0.30)

0.72 =
(0.40 + 0.30)

0.14

Figure 6. lllustration of the NDVI calculation (56)
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With the help of the index, the growing season duration and the time when the maximum
amount of photosynthesis occurs can be determined. In drought applications, the impact
of climate variations on the vegetation cover allows scientists to discover the drought
events and assess the severity in terms of their effect on plants and lands. (26)

3.2.2 Data collection and processing
3.2.2.1 SPI data collection and processing

The data of the monthly precipitation were collected from the website of WorldClim which
is a database of high spatial resolution global weather and climate dataset. For the
assessment of SPI, in this study, historical monthly total precipitation data from 1990 to
2018 were originally downscaled from CRU-TS-4.03 by the Climatic Research Unit,
University of East Anglia, using Worldclim 2.1 for bias correction. The unit of the total
precipitation data is in millimeters (mm). The spatial resolution was 2.5 minutes which is
approximately 21km”2. As shown in figure 7, each available data was compressed into
a “zip” file that contains 120 GeoTiff (.tiff) files, for each month of the year (January is 1;
December is 12), for ten years. As a result of the unavailability of the precipitation data
from 2019, and 2020 on the data source, the last 28 years of data from 1990 to 2018

were taken.

& \WorldClim Home

Historical monthly Weather data Historical climate data

Historical monthly weather data

. S Future climate data
From this page you can download historical monthly weather data for 1960-2018. These data

are downscaled from CRU-TS-4.03 by the Climatic Research Unit, University of East Anglia,
using WorldClim 2.1 for bias correction.

The variables available are average minimum temperature (°C), average maximum temperature
(°C) and total precipitation (mm).

The spatial resolution is 2.5 minutes (~21 km2). Each download is a “zip” file containing 120
GeoTiff (tif) files, for each month of the year (January is 1; December is 12), for a 10 year

period.

years minimum temperature  maximum temperature  precipitation

1960-1969  tmin_1960-1969 tmax_1960-1969 prec_1960-1969
1970-1979  tmin_1970-1979 tmax_1970-1979 prec_1970-1979
1980-1989  tmin_1980-1989 tmax_1980-1989 prec_1980-1989
1990-1999  tmin_1990-1999 tmax_1990-1999 prec_1990-1999
2000-2009  tmin_2000-2009 tmax_2000-2009 prec_2000-2009
2010-2018  tmin_2010-2018 tmax_2010-2018 prec_2010-2018

Figure 7. Interface of the WorldClim website

24



After the successful download of the precipitation data, downloaded files were extracted
into a specifically designated folder to be used in the program ArcGIS. In this study, for
our data analysis and mapping, ArcMap 10.8 software was utilized to obtain the desired

results.

As the amount of data contained within the single .tiff file is immense and therefore, the
processing time of those data would take a significant amount of time unnecessarily, it
is reasonable to only select the data associated with our study area and separate it from
the rest. As a step-by-step process, the data collection and analysis process were
included in this chapter. In Figure 7, our study area was separated individually from the
shapefile which initially contained Mongolian administrative boundaries. As can be seen
in the white outline, the Nalaikh area was taken to process the precipitation data from
the source data file. It should be noted that the geographic coordinate system was set to
WGS 1984 earlier and the projected coordinate system was set to UTM, WGS 1984,
Northern Hemisphere, and WGS 1984 UTM Zone 48N.

As our primary data was raster data, first it was converted into point data thus providing
the data only connected with the study area. In figure 9, the basic nature of the raster
data where each pixel is associated with a specific geographical location can be shown.
(14)

&
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Table Of Contents 9 x
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= B Nalaih_Shapsfile
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Figure 8. Study area separated from the original shapefile
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Figure 9. Raster, vector, point data illustration
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Figure 10. Clipping of the Nalaikh data from the WorldClim dataset
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Therefore, for the conversion of raster to point data, clipping of the whole raster dataset
was done in the study area which is a hollow area with a black outline as illustrated in
figure 11. By doing so, in essence, only the necessary data remained, and it accelerated
the data processing of the software by a large margin since our initial dataset contained
the precipitation data of the world.
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Figure 11. Study area of Nalaikh with Added Boundary

Since the boundary condition is the Nalaikh area, the data clipping process of the whole
study area could not be entirely obtained as shown in figure 11 where blue and red

clipping data is not sufficiently covering the Nalaikh study area.
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Figure 12. Clipped data of study area
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For this reason, an additional boundary was added to the Nalaikh study area which
successfully obtained the remaining data for the study area as shown in figure 12.

The next step in our data analysis was to convert raster data into point data and the
coordinate system was added to the attribute table in figure 13.

The annotation X represents the longitude values, while Y represents the coordinate of
the latitude values. On the attribute table, the grid code is the value of monthly

precipitation at a specific point in millimeters (mm).

Lastly, obtained point data was copied into the Microsoft Excel program to be processed
and the average monthly precipitation of each selected year was calculated.
Furthermore, the calculated average precipitation values were uploaded into the SPI

analysis tool developed by the WMO.

Before analyzing the data on the SPI tool, average precipitation values of the data were
placed in a special order for the SPI tool, which was then copied and converted into a
(txt.) file on notepad. After the conversion, the data was uploaded to the SPI tool during
the calculation process. In figure 14, above-mentioned processes and the data
processing of the SPI analysis tool was illustrated. Likewise, the remaining datasets of

the SPI were obtained in the same way.
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Figure 13. Raster to point data conversion of the study area

28



3 |Year Month Monthly Average Precipitation [mm] ] iR

4 1990 1 2 File  Edit  View

5 1990 2 3

3 1990 3 4 Year Month Monthly Average Precipitation [mm]
7 1990 4 8 1

8 1990 5 15 2

9 1990 6 49 3

10 1990 7 122 4

1 1990 8 101

12 1990 9 26 5

13 1990 10 7 6

14 1990 11 7 7

15 1990 12 3 8

16 1991 1 1 9

17 1991 2 2 10

18 1991 3 6 11

19 1991 4 9

20 1991 5 18 12

21 1991 6 56 1

22 1991 7 90

23 1991 8 71

24 1991 9 58

25 1991 10 4

26 1991 11 3

27 1991 12 2 )
28 1992 1 1 Ln 352, Col 1 % ‘Windows (CRLF)

Figure 14. Data processing of the SPI calculation tool

The SPI calculation tool uses certain theoretical equations for its calculation of the SPI

and the theoretical background of the tool is:

Firstly, monthly precipitation data is prepared for the desired period of “x” months
(Preferable to select at least 30 years of continuous data). To determine a series of
timescales of period "j" months, a set of average periods is chosen, with j ranging from
3, 6, 9 to 24, 48 months. The numbers representing the average periods are arbitrary.
The Gamma function is used to describe the relationship of probability to precipitation.

The specific calculation of the SPI is as follows:
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If we assume that the precipitation in a specific period was Xx, I" distribution of probability
density function was given by:

1

) = o2 —

I'(vo)

where g and y are the scale and shape parameters of the I" distribution function.

xY le */F x >0 1)

The probability of the random variable x is less than x, can be obtained for
precipitation x, in a certain year.

F(x <xg) = fooo f(x)dx, @)
F(x =0) = % e

Where m is the number of samples with precipitation of O and n is the total number of
samples.

For normal standardized processing of " probability distribution, the substitution of the
result of probability value into the normalized normal distribution function was used:

F(x < x) = —x*/2 @

1 fOO
y— e
V2 Y0
The following formula is the solution to the above equation:

t—(cyt+cq)+co

SPI =S5 [(d3t+dy)t+d]t+1’

(5)

Where:

t = [ln 2 (6)

Co = 2.515517 (C; =0.802853 (, =0.010328

d, = 1432788 d, = 0.189269 d; =0.001308

S is the probability density plus or minus coefficient. If F>0.5, then S=1; if F <0.5, then
S=-1
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3.2.2.2 NDVI data collection and processing

The original data which was used for this study was obtained from the official website of
the United States Geological Survey (USGS): the USGS Global Visualization Viewer
(GloVis). It provided the dataset for vegetation cover during the growing season. In this
study, the long-term NDVI data from the satellite dataset was taken at a two-year interval
from 1990 to 2018.

The NDVI dataset was composed of vegetation index product of the Landsat 4-5 TM C1
Level-1 for the dataset earlier than 2000.

Landsat 7 ETM+ C1 level-1 was used for the collection of datasets created later than
2000. Thematic Mapper (TM) Level-1 is a 30-meter multispectral data from Landsat 4
and 5. The image data files consist of seven spectral bands. For Landsat 7, enhance

thematic mapper plus (ETM+) which is a 15 to 30-meter multispectral data was used.
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Figure 15. NDVI data collection from the GloVis

The data collection process began with obtaining the data from the year 1990. Firstly, in
the interface controls section of the website, Landsat 4-5 TM C1 Level-1 option was
chosen under the year 1990, since the desired data belongs to the period earlier than
2000. Then, on the metadata filter field, desired date range of the data was provided with
the specific months and cloud cover from 0 to 20% percent. The specific months were
chosen to be the primary growing season months from June to August. Depending on
the presented available data, there could be several data components to choose from.
After the desired data was selected, it was downloaded with the file format GeoTIFF (.tif),

to be later processed in the ArcGIS program. The remaining data from the years 1992,
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1994, 1996, 1998, 2000, 2002, 2004, 2006, 2008, 2010, 2012, 2014, 2016, and 2018
were gathered using the same method.
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Figure 16. NDVI data processing on ArcGIS program

In figure 15, NDVI data taken from the USGS website GloVis was processed to analyze
the NDVI data in Nalaikh and Terelj areas.

Firstly, geographic, and projected coordinate systems were set to WGS 1984 and UTM,
WGS 1984, Northern Hemisphere 48N. As shown in figure 16, for the analysis, the raster
calculator tool from the spatial analyst tools was used to calculate the NDVI data based

on float function and equation 1 (57).

Here in equation 7, NIR represents the spectral reflectance of the near-infrared and RED
represents the reflection of the light in the red band. The values of NDVI vary between
-1 and +1. For the calculation on the ArcGIS program, the float function was used to

formulate equation 1.

Since the main objective of the NDVI data analysis was to create NDVI maps of the study
area in different years to illustrate vegetation response, the clipping function of the data
management tool was utilized to separate NDVI data of the study area from the original
data. After the clipping of the data, the datasets were classified by their range into five
different colors and grouped by seven and eight different years for NDVI maps shown in
figures 20 and 21.

32



4 Results and Discussion

In this study, a comprehensive monthly drought record in the period from 1990 to 2018
was analyzed across Nalaikh, Terelj area using the NDVI and SPI. Drought conditions
during the study period were studied using monthly precipitation data. The results
demonstrated that the study area was facing moderate to extreme drought events for 28
years. Periodic fluctuations with both wetter and drier conditions were observed wherein
SPI 1-month and 3-month timescales the frequencies of the variations were the highest.
On the other hand, durations of moderate and severe droughts were increasing as the
timescale increased. Development of large-scale drought events presented from the
beginning of the year 2002 in multiple timescales including SPI 6-, 9-, and 12-month.
Several similarities between the drought events from duration to intensity in SPI1 9- and

12-month timescales were observed.

The SPI data from 1990 to 2018 was analyzed according to Table 3 in different
timescales.

Table 3. Number of drought events at different timescales

1-month SPI | 3-month SPI | 6-month SPI | 9-month SPI | 12-month SPI

Extreme dry 13 8 7 5 3
Severe dry 9 21 21 15 16
Moderate

dry 54 26 30 41 45
Near normal 202 237 235 226 224
Moderate

wet 49 34 28 33 27
Very wet 17 17 25 27 31
Extreme wet 4 5 2 1 2

The intensity of each drought event during the study period was identified and the
duration of the drought was evaluated accordingly. For SPI 1-month, it is often difficult to
assess drought events because of the short-term measurement. The following tables
from Tables 4 to 8 show the number of only extreme drought events with the duration. In
contrast with the 9-month timescale, wet periods were significantly lower in the 12-month
timescale where the SPI values were positive only from 1990 to 1996, and from 1997 to
1999 for a long duration. The number of extreme drought events were decreasing as the

timescale increased.
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Table 4. Extreme drought events at SPI 1-month

Extreme drought events, SPI 1-month
onset end
Intensity peak year month year month Duration months

-2.79 1996 4 1997 5 14
-2.35 1998 3 1998 6
-2.06 1998 12 1999 8
-2.07 2003 10| - - -
-2.07 2005 10 2006 4 7
-2.01 2007 9 2008 4 8
-2.13 2008 11 2009 2 4
-2.19 2014 7 2015 2 8
-2.66 2015 6 2015 10 5
-2.21 2015 8- - -
-2.06 2017 12 2018 6 7
-2.13 2018 11 | - - -
-2.06 2018 12 | - - -

From Table 4, it can be observed that the magnitude, duration, and frequency of drought
events differ distinctly in different years. For several drought events in 2003, 2015, and
2018, the duration of the events was not written because of a lack of data and to avoid

double reference in the same year where a drought event has more than one intensity

peak.
Table 5. Extreme drought events at SPI 3-month
Extreme drought events, SPI 3-month
onset end
Intensity peak year month year month Duration months
-2.17 1996 4| 1997 6 15
-2.38 1996 - -
-2.38 1999 2] 1999 9 8
-2.16 2005 12| 2007 1 14
-2.02 2014 9] 2015 10 14
-2.21 2017 6| 2017 8 3
-2.23 2017 7 - -
-2.16 2018 12 - -
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Table 6. Extreme drought events at SPI 3-month

Extreme drought events, SPI 6-month
onset end
Intensity peak year | month | year month Duration months

-2.25| 1992 3| 1992 7 5
-2.19 | 1996 4| 1997 6 15
-2.08 | 1996 5| 1997 6 14
-2.56 | 1998 3| 1998 6 4

-2.1| 2014 12| 2016 1 14
-2.34 | 2017 6| 2017 10 5
-2.51 | 2017 7 -

For timescales longer than 1-month, SPI values were graphed from the duration 1990 to
2018. Both from the graph and the table, the intensity and the duration of the drought
events can be identified clearly. Compared to the table of SPI 1-month, drought events
at a 3-month timescale are less frequent and the number of extreme events was

significantly lower.

However, in terms of the duration, occurred drought events were much longer. In figure
17, the red lines represent the SPI values lower than 0 where the value of the SPI is less
than -1, it can be recognized as a drought event. For the blue lines, SPI values higher

than 0 are represented.

Table 6 illustrates the drought events occurring at SPI 6-month timescale. In comparison
with the SPI 3-month, the number of drought events has not decreased significantly. The
frequency of the extreme drought occurrence was decreased. Intensities of extreme
drought events were slightly higher in a certain number of years. Despite the addition of
extreme drought events that occurred in 1992 and 1998, overall durations of extreme

drought events remain unchanged.

Table 7. Extreme drought events at SPI 9-month

Extreme drought events, SPI 9-month
onset end
Intensity peak year month year month Duration months
-2.31| 1997 5]- -
-2.14 | 2008 5]- -
-2.08 | 2015 3| 2016 14
-2.03 | 2015 8- -
-241| 2017 7| 2018 7
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A noticeable trend was observed between the relationship of the SPI time scale and the
number of extreme drought events. As the time scale increases, a decrease in the

number of extreme drought events were observed.

Table 8. Extreme drought events at SPI-12month

Extreme drought events, SPI 12-month

onset end
Intensity peak year month year month Duration months
-2.15| 2007 7| 2008 6 12
-2.62 | 2015 6| 2016 7 14
-2.19 | 2015 8- - -

During the study period, a particularly dry period took place between the beginning of
2005 and the year 2008 where measured drought intensity was greater as well. This
result ties well with previous studies which investigated drought conditions in Mongolia.
(2,38,39) Overall, at different timescales, at the beginning of the study period, significant
drought events did not occur. At the same time, the amount of precipitation was
substantially greater during the years from 1990 to 1996. When comparing the results
from Sternberg et al. (2), it was identified that in both studies, severe droughts were more
frequent than moderate and extreme drought events. In comparison with dry and wet
periods, periods with near-normal SPI values subsisted the most over the study period,
only demonstrating slight fluctuations between timescales as shown in Table 3. The most
intense in magnitude -2.79 (SPI 1-month) occurred in 1996 when the drought continued
for approximately 2 years. At each time scale, the occurrence of extreme events was
present. However, the duration and intensities of drought events differ significantly
depending on the time scale where 1-month and 3-month droughts were significantly
shorter in duration, not exceeding a few months and a year respectively. At timescales
6-, 9- and 12-month, drought events between the end of 2014 to 2017 indicated both
severe and extremely dry periods and the duration of the event was the second-highest
within the study period. The severity and frequency of drought occurrences fluctuated
between SPI periods highlighting the drought variation at different time scales. For SPI
12-month time scale, the occurrence of extreme drought events was lower. However, the
duration of the drought events increased in several events in 2002, 2004, and 2015.
Comparison between the extreme drought events in different time scales showed varied

results as the period increased.
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Figure 17. SPI values at different timescales from 1990 to 2018

At different time scales, from the beginning of 2005 to 2008, persistent drought events
can be observed where intensity reaches severe levels at all time scales. However,
extreme drought episodes were recognized only at SPI 1- and 3-month time scales.
These findings correspond to the finding of Nandintsetseg et al. (39) in which, it was
found that prolonged and severe meteorological droughts during the 2000s were
attributed to lower precipitation and increased evapotranspiration due to warmer

temperatures.
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From figure 18, the number of extreme dry events was at the lowest on SPI 12-month
time scale and the number of near-normal drought events did not differ significantly
between the time scales. For moderate dry events, a decreasing trend from the 12-month
SPI time scale to the 3-month SPI timescale, but at the 1-month SPI timescale, the

number was substantially higher than the rest.

Near normal Moderate dry Severe dry ® Extreme dry
12-month SPI
|
9-month SPI
||
6-month 5P
||
J-month SPI
|
1-month 5P
||
0 all] 100 150 200 250
Mumber of Drought events

Figure 18. Number of drought events at different SPI time scales

Precipitation data which was taken from the WorldClim website was plotted in 12 months
from 1990 to 2018. In figure 19, it can be observed that most of the annual precipitation
falls during the months between June and September. Compared to the northern part of
Mongolian regions where rainfall is abundant (over 300mm per year), it can be observed
that the Nalaikh area receives much less rainfall annually. Considering the result of figure
19, for the NDVI mapping, available data from vegetation growing seasons, especially
June and July were mapped in the two-year interval from 1990 to 2018. The maps were
created in ArcGIS 10.8 program. In figure 20, NDVI maps from 1990 to 2004 were
illustrated. NDVI index values range from -1 to +1. However, during the study period,
NDVI values did not reach lower than -0.7. It can be observed that because of the months
with the most rainfall, mostly more than half of the study area consisted of vegetation
with NDVI values higher than 0.1 which is a good indicator of vegetation. From 1990 to

1994, there was no sign of loss of vegetation. On the other hand, starting from the year
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1996, the number of NDVI values decreased gradually to the year 2004 when the
vegetation index reached less than -0.3 in some areas.
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Figure 19. Average monthly precipitation of Nalaikh from 1990 to 2018

The NDVI was calculated during the growing season from June to July based on the
available data with a two-year interval between the years 1990 to 2018 to highlight the
difference in vegetation spectral reflectance. Due to the lack of sufficient data with the
desired amount of cloud coverage, datasets with satisfactory results were obtained and
utilized during this study. Overall, the NDVI values coincide with the SPI values where a
lack of precipitation was followed by a period with sparse vegetation. Correspondingly,
negative NDVI values were mainly associated with negative SPI values. A similar pattern
of results was obtained in Khosravi et al. (33). During the months with precipitation deficit,
moderate to extreme drought events have major impacts on the vegetation cover over
the study area. Notably, vegetation cover over the old Nalaikh mine was relatively sparse
throughout the study period despite seasonal changes, presumably due to soil erosion
and land degradation as a result of mining activities. With the help of simple and effective
drought evaluation indices, sufficient results were obtained in this study. However, it
presents some limitations due to the applicability of the study results. Since our study
was based on a simple and effective measure of drought (SPI) which uses precipitation
data as its input, several other important factors such as temperature, soil moisture,

deforestation, etc. Therefore, further studies that include these factors can provide more
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insight into drought characteristics and can help to find solutions for mitigation for specific

types of drought conditions.
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Figure 21. NDVI map of Nalaikh area from 2006-2018
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Conclusion

Increased dynamics precipitation and other meteorological variables are expected to
occur in the future as a result of climate change, resulting in more frequent droughts
whose effects will be exacerbated by rising water demands (13). Despite the significant
progress made in drought analysis and modeling by researchers over the past few
decades, there is much work that needs to be carried out in the future. This contribution
provides an analysis of drought characteristics in the Nalaikh, Terelj area using SPI and
attempts to define drought during the years from 1990 to 2018. The study aimed to
develop vegetation cover maps of the Nalaikh area with a focus on examining the
correlation between the SPI and NDVI while taking the interrelationship between
precipitation and vegetation growth into account. During the study period, several
drought events have occurred of different intensities and duration. Notably, several
drought events occurred in 1996-1997, 2002-2003, 2005-2008, and 2015-2017. Each
drought event had different characteristics where the occurrence of severe to extreme
cases fluctuated between the time scales. During each drought event, the loss of
vegetation cover could be observed from the NDVI maps in Figures 20 and 21. The
main conclusion that can be drawn from this aspect of the research is that correlation
between the NDVI and the SPI is positive at a 3-month, 6-month, and 9-month timescale,
excluding several outlier years of 2004, 2008, and 2012. This study is one of the key
components in future attempts to overcome possible severe and extreme drought
events. Future studies could explore this issue further by investigating the causal link
between climate change, desertification, and drought patterns to create solutions for

mitigating imminent environmental challenges.
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Appendices

Appendix 1. Annual monthly precipitation data from 1990 to 2018
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Appendix 2. Monthly annual SPI values at different timescales

Month SPI-1 Month 3-Month 6-Month| 9-Month 12-Month
1990 1 0.36 (o] o) o] (o]
1990 2 1.08 o o o o
1990 3 0.08 0.51 (o) o] o
1990 4 -0.2 (o] (o) o] (o]
1990 5 -0.38 -0.43 o o o
1990 6 0.44 0.04 0.09 o] o
1990 7 1.51 1.51 1.52 o] (o]
1990 8 1.33 1.71 1.81 o o
1990 9 0.1 1.5 1.58 1.64 (o]
1990 10 0.01 1.11 1.57 1.61 o
1990 11 1.5 0.24 1.58 1.64 o
1990 12 0.61 0.73 1.54 1.62 1.68
1991 1 -1.26 1.3 1.26 1.69 1.74
1991 2 0.2 -0.1 0.23 1.67 1.72
1991 3 1.01 0.51 0.85 1.7 1.73
1991 4 0.08 0.49 0.96 1.33 1.74
1991 5 -0.01 0.13 0.07 0.18 1.77
1991 6 0.87 0.63 0.69 0.76 1.77
1991 7 0.62 0.88 0.93 1.11 1.5
1991 8 0.42 0.77 0.84 0.95 0.94
1991 9 1.9 1.04 1.26 1.31 1.45
1991 10 -1.02 1.09 1.19 1.25 1.4
1991 11 -0.36 1.73 1.13 1.23 1.33
1991 12 -0.48 -1.15 0.96 1.17 1.21
1992 1 -1.26 -1.29 1.11 1.22 1.28
1992 2 -1.05 -1.5 1.72 1.17 1.26
1992 3 -1.26 -1.84 -2.25 0.99 1.17
1992 4 1.21 0.49 -0.11 1.17 1.25
1992 5 -0.01 0.22 -0.02 1.47 1.24
1992 6 -0.17 0.04 -0.19 -0.46 0.91
1992 7 0.1 -0.14 -0.09 -0.13 0.74
1992 8 1.16 0.62 0.69 0.74 1.27
1992 9 0.95 0.86 0.88 0.82 0.79
1992 10 -0.63 1.24 0.73 0.78 0.81
1992 11 0.22 0.77 0.72 0.79 0.84
1992 12 -0.48 -0.59 0.81 0.81 0.76
1993 1 -1.26 -0.68 1.29 0.76 0.81
1993 2 1.08 -0.1 0.79 0.78 0.85
1993 3 -0.51 -0.28 -0.88 0.89 0.86
1993 4 -0.5 -0.53 -0.82 1.25 0.72
1993 5 -0.51 -0.75 -0.77 0.12 0.64
1993 6 0.38 -0.13 -0.19 -0.35 0.76
1993 7 1.96 1.96 1.93 2.03 2.16
1993 8 0.81 1.71 1.75 1.91 2.01
1993 9 0.58 1.61 1.67 1.69 1.73
1993 10 1.39 0.99 1.77 1.78 1.87
1993 11 0.22 0.89 1.73 1.75 1.89
1993 12 0.61 1.28 1.7 1.75 1.78
1994 1 0.36 0.38 1.08 1.86 1.87
1994 2 -1.05 -0.1 0.93 1.82 1.84
1994 3 -0.51 -0.74 0.85 1.82 1.82
1994 4 -1.2 -1.8 -1.34 0.92 1.77
1994 5 -1.72 -1.89 -1.81 -0.31 1.63
1994 6 0.93 -0.13 -0.25 0.08 1.67
1994 7 1.06 1.03 0.84 0.95 1.31
1994 8 1.44 1.63 1.49 1.63 1.78
1994 9 1.17 1.55 1.6 1.61 1.8
1994 10 0.77 1.68 1.69 1.63 1.75
1994 11 -0.36 1.24 1.74 1.62 1.75
1994 12 0.61 0.53 1.59 1.62 1.63
1995 1 -1.26 -0.68 1.76 1.74 1.68
1995 2 -1.05 -0.75 1.24 1.82 1.69
1995 3 0.58 -0.28 0.25 1.71 1.7
1995 4 0.57 0.49 0.12 1.85 1.79
1995 5 -0.01 0.22 0.07 1.06 1.94
1995 6 -0.03 -0.01 -0.08 0.02 1.6
1995 7 0.37 0.2 0.24 0.26 1.46
1995 8 1.02 0.71 0.8 0.88 1.21
1995 9 0.17 0.71 0.69 0.69 0.79
1995 10 -0.29 0.83 0.62 0.67 0.72
1995 11 -1.08 -0.13 0.59 0.64 0.71
1995 12 0.61 -0.59 0.66 0.63 0.62
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1996 1 0.36 -0.68 0.86 0.65 0.7
1996 2 0.2 0.48 -0.07 0.66 0.72
1996 3 0.08 0.13 -0.64 0.75 0.69
1996 4 -2.79 -2.17 -2.19 0.65 0.51
1996 5 -1.96 -2.38 -2.08 -1.49 0.28
1996 6 -0.48 -1.8 -1.78 -1.81 0.17
1996 7 0.24 -0.56 -0.84 -0.88 0.1
1996 8 -0.1 -0.14 -0.71 -0.67 -0.7
1996 9 -1.66 -0.31 -1.01 -1.04 -1.07
1996 10 0.28 -0.69 -0.82 -1.01 -1.02
1996 11 -0.36 -1.52 -0.49 -1.03 -1
1996 12 0.61 0.12 -0.32 -1 -1.02
1997 1 -1.26 -0.68 -0.71 -0.82 -1.02
1997 2 -1.05 -0.75 -1.65 -0.48 -1.04
1997 3 -1.26 -1.84 -0.88 -0.36 -1.07
1997 4 -0.5 -1.45 -1.61 -0.94 -0.95
1997 5 -1.13 -1.34 -1.43 -2.31 -0.84
1997 6 0.25 -0.48 -0.74 -0.69 -0.54
1997 7 1.56 1.34 1.2 1.27 0.38
1997 8 0.13 1.06 0.88 0.97 0.53
1997 9 -0.58 0.81 0.66 0.59 0.66
1997 10 -1.48 -0.34 0.61 0.51 0.56
1997 11 -1.08 -1.19 0.71 0.49 0.55
1997 12 -0.48 -1.79 0.69 0.52 0.45
1998 1 0.36 -1.29 -0.38 0.61 0.52
1998 2 0.2 -0.1 -1.23 0.77 0.54
1998 3 -2.35 -1.25 -2.56 0.73 0.52
1998 4 0.33 -0.53 -1.07 -0.49 0.57
1998 5 -0.25 -0.43 -0.47 -1.34 0.68
1998 6 -0.25 -0.36 -0.55 -0.92 0.53
1998 7 1 0.7 0.63 0.63 0.16
1998 8 1.25 1.18 1.19 1.32 0.94
1998 9 0.71 1.3 1.25 1.22 1.17
1998 10 0.77 1.33 1.26 1.25 1.3
1998 11 1.12 0.95 1.27 1.28 1.39
1998 12 -2.06 0.73 1.35 1.29 1.27
1999 1 -1.26 -0.13 1.42 1.32 1.31
1999 2 -1.05 -2.38 0.79 1.3 1.3
1999 3 0.08 -0.74 0.25 1.44 1.34
1999 4 -0.5 -0.82 -0.82 1.36 1.27
1999 5 -0.01 -0.24 -0.57 0.41 1.29
1999 6 0.93 0.58 0.48 0.57 1.51
1999 7 -1.13 -0.6 -0.73 -0.72 0.62
1999 8 -0.3 -0.55 -0.74 -0.8 -0.42
1999 9 1.22 -0.4 -0.25 -0.31 -0.19
1999 10 -0.63 0.21 -0.25 -0.34 -0.3
1999 11 -0.36 1.01 -0.21 -0.33 -0.37
1999 12 -0.48 -0.86 -0.49 -0.34 -0.39
2000 1 1.5 -0.13 0.25 -0.22 -0.31
2000 2 0.2 0.48 1.12 -0.16 -0.28
2000 3 0.08 0.51 -0.64 -0.43 -0.28
2000 4 0.33 0.25 0.12 0.25 -0.22
2000 5 0.1 0.13 0.15 0.9 -0.18
2000 6 -0.4 -0.3 -0.25 -0.46 -0.54
2000 7 -0.38 -0.67 -0.66 -0.65 -0.27
2000 8 0.84 0.09 0.07 0.15 0.46
2000 9 -1.11 -0.03 -0.21 -0.2 -0.24
2000 10 0.53 0.36 -0.19 -0.19 -0.15

49




2000 11 0.7 -0.8 -0.13 -0.17 -0.1
2000 12 0.61 0.73 0.02 -0.15 -0.14
2001 1 1.5 1.3 0.49 -0.1 -0.09
2001 2 -1.05 0.48 -0.75 -0.08 -0.11
2001 3 0.08 0.13 0.66 0.08 -0.11
2001 4 0.33 0 0.55 0.47 -0.11
2001 5 0.72 0.63 0.64 -0.19 0.02
2001 6 -0.48 -0.01 -0.02 0.13 0.03
2001 7 -1.44 -1.38 -1.4 -1.29 -0.53
2001 8 -0.06 -1.06 -1.03 -1 -1.22
2001 9 0.52 -0.66 -0.76 -0.78 -0.67
2001 10 0.53 0.15 -0.73 -0.76 -0.66
2001 11 0.22 0.57 -0.78 -0.73 -0.69
2001 12 0.61 0.53 -0.62 -0.7 -0.72
2002 1 1.5 0.85 0.25 -0.66 -0.69
2002 2 -1.05 0.48 0.66 -0.74 -0.69
2002 3 0.08 0.13 0.46 -0.59 -0.68
2002 4 1.01 0.72 0.96 0.32 -0.61
2002 5 1.7 1.69 1.68 1.62 -0.33
2002 6 0.04 1.12 1.14 1.13 -0.14
2002 7 -1.08 -0.38 -0.3 -0.2 -0.04
2002 8 -1.97 -1.66 -1.22 -1.2 -0.93
2002 9 -0.88 -1.87 -1.32 -1.36 -1.27
2002 10 0.99 -1.81 -1.31 -1.28 -1.22
2002 11 0.22 -0.54 -1.64 -1.24 -1.22
2002 12 -0.48 0.73 -1.74 -1.23 -1.26
2003 1 0.36 -0.13 -1.79 -1.29 -1.26
2003 2 1.78 1 -0.4 -1.59 -1.19
2003 3 -0.51 0.51 0.85 -1.72 -1.19
2003 4 0.33 0.49 0.34 -1.7 -1.26
2003 5 2.31 2 2.06 1.17 -1.02
2003 6 -1.36 0.58 0.63 0.72 -1.3
2003 7 -0.19 0.07 0.11 0.16 -1.02
2003 8 0.06 -0.55 0 0.11 -0.09
2003 9 1.33 0.26 0.41 0.44 0.56
2003 10 -2.07 0.44 0.29 0.32 0.38
2003 11 1.12 1.13 -0.17 0.32 0.42
2003 12 -0.48 -0.86 0.17 0.33 0.35
2004 1 0.36 0.85 0.55 0.37 0.4
2004 2 1.08 0.48 1.24 -0.12 0.38
2004 3 2.09 2.09 0.46 0.35 0.5
2004 4 0.08 1.36 1.54 0.71 0.47
2004 5 -0.38 0.13 0.15 1.01 -0.14
2004 6 -0.32 -0.55 -0.19 -0.4 0.12
2004 7 -1.23 -1.55 -1.31 -1.25 -0.43
2004 8 -0.91 -1.41 -1.57 -1.56 -1
2004 9 -0.78 -1.43 -1.73 -1.61 -1.69
2004 10 -1.48 -1.34 -1.82 -1.71 -1.66
2004 11 -0.36 -1.3 -1.61 -1.75 -1.74
2004 12 1.49 -0.86 -1.52 -1.81 -1.69
2005 1 1.5 0.85 -1.24 -1.76 -1.64
2005 2 1.78 2.36 -0.84 -1.49 -1.62
2005 3 -0.51 0.87 -0.4 -1.47 -1.75
2005 4 -0.5 -0.26 0.12 -1.31 -1.8
2005 5 0.62 0.22 0.56 -0.57 -1.53
2005 6 -1.26 -0.8 -0.68 -0.86 -1.65
2005 7 -0.11 -0.6 -0.66 -0.57 -1.28
2005 8 -0.52 -0.81 -0.9 -0.75 -1.11
2005 9 -0.22 -0.46 -0.85 -0.82 -0.88
2005 10 -2.07 -0.81 -0.91 -0.97 -0.9
2005 11 -1.08 -0.9 -0.98 -1.05 -0.92
2005 12 -0.48 -2.16 -0.64 -1.02 -1
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2006 1 -1.26 -1.98 -0.91 -0.96 -1.02
2006 2 0.2 -0.75 -1.03 -0.99 -1.06
2006 3 0.58 0.13 -1.95 -0.61 -1
2006 4 -0.5 -0.26 -1.07 -0.98 -1
2006 5 1.32 1.01 0.86 -0.06 -0.79
2006 6 -0.89 -0.07 -0.08 -0.52 -0.62
2006 7 0.37 0.29 0.24 0.19 -0.43
2006 8 -1.54 -0.83 -0.66 -0.67 -0.93
2006 9 -0.39 -0.62 -0.73 -0.75 -0.9
2006 10 -0.29 -1.52 -0.71 -0.76 -0.8
2006 11 -0.36 -0.62 -0.93 -0.77 -0.78
2006 12 0.61 -0.34 -0.66 -0.77 -0.79
2007 1 0.36 -0.13 -1.51 -0.68 -0.73
2007 2 1.78 1.49 -0.4 -0.85 -0.69
2007 3 1.76 2.09 0.85 -0.5 -0.61
2007 4 -1.2 0.49 0.34 -1.43 -0.65
2007 5 0.32 0.22 0.4 -0.25 -0.88
2007 6 -0.64 -0.67 -0.31 -0.4 -0.73
2007 7 -1.56 -1.72 -1.65 -1.67 -2.15
2007 8 0.2 -0.98 -1.09 -1 -1.16
2007 9 -2.01 -1.14 -1.5 -1.38 -1.4
2007 10 0.28 -0.48 -1.36 -1.35 -1.34
2007 11 -1.08 -1.88 -1.34 -1.44 -1.37
2007 12 0.61 -0.11 -1.15 -1.5 -1.39
2008 1 0.36 -0.68 -0.49 -1.37 -1.36
2008 2 -1.05 -0.1 -1.88 -1.34 -1.44
2008 3 0.58 0.13 -0.18 -1.15 -1.49
2008 4 -1.2 -1.12 -1.34 -0.67 -1.49
2008 5 -0.66 -0.86 -0.87 -2.14 -1.65
2008 6 1.37 0.63 0.63 0.53 -0.81
2008 7 0.5 0.88 0.75 0.79 0.19
2008 8 -0.39 0.47 0.27 0.35 -0.16
2008 9 -0.39 -0.07 0.1 0.09 0.13
2008 10 1.19 -0.41 0.27 0.18 0.21
2008 11 -2.13 -0.29 0.33 0.14 0.2
2008 12 1.49 0.73 -0.02 0.15 0.15
2009 1 -1.26 -1.29 -0.46 0.27 0.18
2009 2 0.2 0.48 -0.23 0.39 0.2
2009 3 1.01 0.51 0.85 0.06 0.22
2009 4 0.57 0.94 0.34 -0.34 0.34
2009 5 0.1 0.39 0.4 0 0.45
2009 6 0.81 0.73 0.79 0.86 0.27
2009 7 0.5 0.76 0.87 0.89 0.3
2009 8 -0.02 0.45 0.54 0.65 0.51
2009 9 -0.78 0.03 0.23 0.26 0.38
2009 10 0.99 -0.27 0.27 0.34 0.36
2009 11 0.22 -0.45 0.27 0.34 0.42
2009 12 0.61 0.92 0.1 0.31 0.33
2010 1 1.5 0.85 -0.18 0.35 0.42
2010 2 1.08 1.49 -0.23 0.38 0.44
2010 3 1.01 1.51 1.59 0.24 0.44
2010 4 -1.2 -0.26 0.12 -0.24 0.32
2010 5 1.16 0.78 0.94 0.29 0.53
2010 6 -0.03 0.32 0.53 0.67 0.28
2010 7 -0.54 -0.24 -0.3 -0.2 -0.34
2010 8 0.2 -0.3 -0.17 -0.04 -0.2
2010 9 -1.51 -0.57 -0.53 -0.46 -0.33
2010 10 -0.29 -0.44 -0.47 -0.51 -0.44
2010 11 1.12 -1.3 -0.59 -0.49 -0.39
2010 12 -0.48 0.12 -0.57 -0.53 -0.46
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2011 1 0.36 0.85 -0.35 -0.39 -0.44
2011 2 1.08 0.48 -1.23 -0.55 -0.44
2011 3 -0.51 0.13 0.04 -0.54 -0.5
2011 4 2.1 2.13 2.25 -0.04 -0.19
2011 5 0.42 1.01 1.01 -0.19 -0.35
2011 6 1.37 1.72 1.74 1.61 0.14
2011 7 -0.3 0.45 0.75 0.89 0.27
2011 8 -0.62 -0.1 0.12 0.2 -0.18
2011 9 -0.88 -0.78 -0.11 -0.11 -0.06
2011 10 0.28 -0.92 -0.3 -0.11 -0.02
2011 11 1.5 -0.54 -0.25 -0.06 0.01
2011 12 -0.48 0.73 -0.71 -0.05 -0.05
2012 1 -1.26 0.85 -0.83 -0.22 -0.03
2012 2 -1.05 -1.5 -0.75 -0.26 -0.07
2012 3 -1.26 -1.84 -0.18 -0.78 -0.09
2012 4 0.33 -0.53 -0.11 -0.94 -0.28
2012 5 -0.38 -0.43 -0.67 -0.98 -0.42
2012 6 1.32 0.93 0.74 0.81 -0.38
2012 7 0.24 0.67 0.6 0.73 -0.13
2012 8 -0.62 0.19 0.05 0.06 -0.13
2012 9 -0.78 -0.42 -0.13 -0.22 -0.11
2012 10 -0.29 -0.96 -0.17 -0.23 -0.15
2012 11 0.7 -0.8 -0.04 -0.19 -0.19
2012 12 2.23 0.53 -0.38 -0.09 -0.18
2013 1 0.36 1.71 -0.79 -0.06 -0.11
2013 2 -1.05 1 -0.66 0.04 -0.11
2013 3 0.58 0.13 0.46 -0.34 -0.05
2013 4 0.08 0] 0.75 -0.82 -0.07
2013 5 0.72 0.63 0.71 -0.13 0.14
2013 6 1.16 1.22 1.23 1.22 0.1
2013 7 [¢] 0.67 0.66 0.86 -0.06
2013 8 0.35 0.47 0.63 0.77 0.48
2013 9 0.1 0.12 0.52 0.53 0.64
2013 10 1.92 0.5 0.68 0.68 0.83
2013 11 -0.36 0.57 0.54 0.68 0.8
2013 12 -0.48 1.45 0.25 0.65 0.66
2014 1 -1.26 -1.29 0.49 0.69 0.7
2014 2 0.2 -0.75 0.52 0.57 0.72
2014 3 -1.26 -1.25 0.85 0.26 0.65
2014 4 1.4 0.94 0.34 0.59 0.76
2014 5 1.4 1.42 1.29 1.32 0.9
2014 6 1.27 1.93 1.83 1.99 0.89
2014 7 -2.19 -0.49 -0.37 -0.42 0.1
2014 8 -1.3 -1.35 -1.03 -1.06 -0.8
2014 9 -0.48 -2.02 -1.01 -1.11 -0.9
2014 10 -0.29 -1.38 -1.17 -1.11 -1.14
2014 11 -1.08 -0.8 -1.44 -1.15 -1.17
2014 12 -0.48 -0.86 -2.1 -1.09 -1.19
2015 1 0.36 -1.29 -1.46 -1.2 -1.14
2015 2 -1.05 -0.75 -0.93 -1.46 -1.16
2015 3 1.01 0.51 -0.64 -2.08 -1.05
2015 4 1.21 1.36 0.75 -1.22 -1.07
2015 5 -0.66 0.13 -0.02 -0.7 -1.53
2015 6 -2.66 -1.96 -1.86 -1.95 -2.62
2015 7 0.03 -1.34 -1.11 -1.2 -1.74
2015 8 -2.21 -1.78 -1.96 -2.03 -2.19
2015 9 0.65 -0.73 -1.53 -1.54 -1.61
2015 10 0.28 -1.21 -1.61 -1.5 -1.55
2015 11 1.12 0.77 -1.29 -1.42 -1.45
2015 12 -0.48 0.53 -0.68 -1.45 -1.46
2016 1 0.36 0.85 -1.11 -1.55 -1.44
2016 2 -1.05 -0.75 0.73 -1.31 -1.44
2016 3 1.01 0.51 0.66 -0.64 -1.41
2016 4 0.57 0.72 0.96 -1.02 -1.49
2016 5 -0.01 0.3 0.15 0.69 -1.33
2016 6 0.69 0.58 0.63 0.67 -0.4
2016 7 -0.3 -0.07 0.01 0.12 -0.72
2016 8 -1.12 -0.59 -0.64 -0.64 -0.35
2016 9 1.28 -0.33 -0.19 -0.18 -0.09
2016 10 1.19 -0.07 -0.13 -0.09 [¢]
2016 11 1.12 1.62 -0.04 -0.02 0.01
2016 12 0.61 1.45 -0.2 -0.05 -0.03

52



2017 1 0.36 1.3 0.06 -0.04 0.01
2017 2 0.2 0.48 1.77 0.02 0.04
2017 3 -1.26 -0.74 1.04 -0.19 -0.05
2017 4 -1.2 -1.8 -0.82 -0.17 -0.17
2017 5 -1.13 -1.6 -1.43 0.63 -0.33
2017 6 -1.56 -2.21 -2.34 -1.61 -0.88
2017 7 -1.03 -2.23 -2.51 -2.41 -1.52
2017 8 1.3 -0.17 -0.61 -0.56 0.08
2017 9 0.39 0.31 -0.4 -0.46 -0.26
2017 10 0.53 1.24 -0.27 -0.43 -0.32
2017 11 1.12 0.57 -0.02 -0.38 -0.32
2017 12 -2.06 0.53 0.34 -0.36 -0.41
2018 1 0.36 0.38 1.34 -0.22 -0.37
2018 2 0.2 -0.75 0.52 0 -0.37
2018 3 -0.51 -0.28 0.25 0.39 -0.34
2018 4 1.01 0.72 0.75 1.44 -0.17
2018 5 -1.72 -0.86 -0.98 -0.19 -0.23
2018 6 -1.26 -1.57 -1.63 -1.35 -0.13
2018 7 1.43 0.55 0.63 0.73 1.36
2018 8 1.25 1.25 1.19 1.29 1.37
2018 9 1.38 1.71 1.42 1.43 1.56
2018 10 -1.02 1.48 1.28 1.35 1.47
2018 11 -2.13 1.01 1.34 1.29 1.39
2018 12 -2.06 -2.16 1.6 1.27 1.29
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