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Abstract: Drought is a natural phenomenon caused by the variability of climate. This study was
conducted in the Songhua River Basin of China. The drought events were estimated by using the
Reconnaissance Drought Index (RDI) and Standardized Precipitation Index (SPI) which are based on
precipitation (P) and potential evapotranspiration (PET) data. Furthermore, drought characteristics
were identified for the assessment of drought trends in the study area. Short term (3 months) and long
term (12 months) projected meteorological droughts were identified by using these drought indices.
Future climate precipitation and temperature time series data (2021-2099) of various Representative
Concentration Pathways (RCPs) were estimated by using outputs of the Global Circulation Model
downscaled with a statistical methodology. The results showed that RCP 4.5 have a greater number
of moderate drought events as compared to RCP 2.6 and RCP 8.5. Moreover, it was also noted that
RCP 8.5 (40 events) and RCP 4.5 (38 events) showed a higher number of severe droughts on 12-month
drought analysis in the study area. A severe drought conditions projected between 2073 and 2076
with drought severity (DS-1.66) and drought intensity (DI-0.42) while extreme drying trends were
projected between 2097 and 2099 with drought severity (DS-1.85) and drought intensity (DI-0.62).
It was also observed that Precipitation Decile predicted a greater number of years under deficit
conditions under RCP 2.6. Overall results revealed that more severe droughts are expected to occur
during the late phase (2050-2099) by using RDI and SPI. A comparative analysis of 3- and 12-month
drying trends showed that RDI is prevailing during the 12-month drought analysis while almost both
drought indices (RDI and SPI) indicated same behavior of drought identification at 3-month drought
analysis between 2021 and 2099 in the research area. The results of study will help to evaluate the
risk of future drought in the study area and be beneficial for the researcher to make an appropriate
mitigation strategy.

Keywords: Reconnaissance Drought Index; potential evapotranspiration; precipitation; Representa-
tive Concentration Pathway

1. Introduction

Drought is a natural phenomenon which has a serious impact due to varying pre-
cipitation duration, intensity, and distribution [1]. Drought is driven by rainfall deficit,
which consists of the typical categories of meteorological drought, hydrological drought,
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socioeconomic drought, and agricultural drought [2]. Drought characteristics comprise of
frequency, duration, intensity, and severity. Drought duration is the time in which the value
of drought index is less than the standard value, which has been selected by an analyst.
While drought severity is the soil moisture deficiency of the drought below, the given
threshold value of drought, and drought intensity is the fraction of drought severity to the
drought duration [3]. Moreover, annual average drought frequency can also be calculated
by using the total number of drought events identified during drought period divided by
the total duration of the drought period. Similarly, inter arrival or drought initiation time is
an important characteristic that is defined as the period between initiation of one drought
or starting month of precipitation and soil moisture deficit period [4]. Drought character-
istics have been studied comprehensively and the inter arrival period of the agricultural
droughts is inspected by using the statistical modeling approaches of the monthly PDSI
data [5]. Similarly, Standardized Precipitation Index and Reconnaissance Drought Index
were applied by using the monthly meteorological data for the assessment of drought
intensity in Cyprus [6] and a similar study was conducted in Malta [7]. In the study by [8],
the authors examined the hydrological drought identification by using a truncation level
to identify the dry and wet periods in the historical river flow data. Similarly, ref. [9]
examined the frequency and drought intensity of low flows. Stream Flow Drought Index
and Standardized Runoff Index were used for the characterizing of hydrological drought.
Stream Flow Drought Index is based on the cumulative volumes of stream flow, which
was presented by [10] and used in two river basins in Greece. Simulated runoff data from
the Variable Infiltration Capacity hydrological model was used by [11] to get the results
of the Standardized Runoff Index instead of observed stream flow data. Moreover, new
drought index which is called Regional Drought Area Index (RDSI) was developed for
the better identification of severe drought events and weather types. Regional Drought
Area Index (RDSI) is based on the daily stream flow and was proposed to characterize
the drought affected area in northern-western Europe [12,13]. Considering the changes
in precipitation and the increasing global temperature leads to climate change, variations
may occur in the frequency of extreme events such as drought hazards [14]. Moreover,
dependency on only one climatic variable (e.g., precipitation or temperature), which does
not give complete information on drought events and absence of evapotranspiration, re-
duces its effectiveness [15]. Therefore, the drought index should be able to quantitatively
characterize the severity of drought by assimilating the data of several factors, such as
precipitation and evapotranspiration into a single numerical digit [16]. Many studies have
showed that a single drought index might not illustrate the true descriptions of drought
anomalies and, therefore, a multi drought index approach should be used for the com-
prehensive assessment of drought events [17]. Drought indices are the main methods for
observing drought anomalies based on meteorological or hydrological variables. A large
number of drought indices have been introduced for characterizing various aspects of
drought anomalies across space and time, which include the Palmer Drought Severity
Index and Standardized Precipitation Index. The Standardized Precipitation Index is used
for detecting meteorological drought. The derivation of the Standardized Precipitation
Index applies to a number of drought indices; for example, the Standardized Precipitation
Evapotranspiration Index [18]. Similarly, one more drought index called Reconnaissance
Drought Index was introduced by [19] and showed that the evaluation of drought events
by using meteorological drought indices leads to accurate assessment if there is accurate
balance between input and output and this cannot be attained by the drought indices
like Standardized Precipitation Index without any output estimation. Additionally, the
SPI does not demonstrate the true picture of atmospheric conditions, except precipitation.
Furthermore, the Standardized Precipitation Index has many limitations, for example, lack
of consideration of potential evapotranspiration (PET), runoff, and infiltration. Therefore,
there is a crucial need of a drought index that also considers the other climatic variables
such as temperature and evapotranspiration. Moreover, researchers recommended that
for studying drought monitoring and food security, it is much better to use SPI with other
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drought indices. Multiple drought indices have been used in a compound framework by
many researchers worldwide [20].

Drought is the phenomenon, which is greatly occurring due to climate variations.
Present and future information about variations in climate at the local, regional, and global
scale is essential to develop national and international level mitigation approaches for nat-
ural disasters (e.g., drought) [21,22]. Due to the advancement in modeling and significance
of the climate system, the general circulation models have become an important tool for
the climate change processes [23]. General circulation models (GCMs) can simulate the
present climate change and project future climate changes under different scenarios driven
by different radiative forces. The World Climate Research Program (WCRP) developed the
Coupled Model Inter-Comparison Project, which provides the simulated data by using
various climate models. The project significance is that, it can provide the opportunity for
the comparison of multi model ensemble strategy development [24]. Generally, the output
of the multi model ensemble is found to be much better than the single model simulation.
The possible explanation is that the multi model has distinctly different parameterizations
as compared to the single model simulations [25]. Therefore, the multi model ensemble
can produce more reliable predicted data [26]. Moreover, the fifth experiment (CMIP5) of
the Coupled Model Inter-Comparison Project used for the IPPCC fifth assessment report
is available. Extensive effort has been made in the development of CMIP5, including a
large number of models running with fine resolution with representative concentration
pathways of external forcing, more scenarios, and more saved diagnostics as compared to
the previous CMIP experiment [27].

The multi model ensemble is a very beneficial approach for the future climate change
assessment of China. China is an agricultural country with a distinct climate, which varies
over space and time due to the topographical gradient [28]. China is also facing agriculture
and water resources problem due to climate change of the 21st century [29]. Agriculture
plays a key role to fulfill the need of food of 1.3 billion people. The climate in China shows
that distribution of water resources is uneven, rich in south while drier in the north of
the country. Many regions situated in the transitional zones of the country have water
resources that could be significantly affected due climatic variations. China is already
facing some hazardous climate extreme events. For example, the 1998 floods drowned
21 x 10° ha of land and damaged 5 million homes in the Yangtze basin, which caused a
total USD 20 billion economic loss [30]. Heavy rainfall phenomena caused flood events and
shows a spatial heterogeneity [31]. These events (heavy rainfall) become more common in
the northwestern part of China while less frequent in the northeast part of China. Drought
is one of the extreme indicators of climate variability in China. Droughts are hazardous for
agriculture and human life because most of the region already has a quite dry condition [32].
The country already suffered severe droughts during the 1960s, 1970s, and 1990s due to
the climate variability [33]. Moreover, the northeast part of the country recently suffered
a severe drought [34]. Therefore, the objective of this research is to assess the projected
drought events characteristics by using the statistical downscaled data of precipitation
and temperature of CMIP5 GCMs under various representative concentration pathways.
Moreover, future drought duration, severity, and intensity are identified for future water
resources management of the region.

2. Study Area

This study was conducted in the Songhua River Basin of northeast China. The research
area is situated between 125°42'—130°10" E and 44°04’—47°40’ N. The region belongs to
the mid temperate continental monsoon climate, with four divergent seasons, a long winter,
and a short summer. The annual average temperature of the research area is 2.6 °C, wind
speed is 3.8 m/s, and rainfall is 450-650 mm. The Songhua River is a seasonally frozen
river which starts from November to April. The study area is rich in natural resources,
with rapid development of agriculture and animal husbandry. The planting industry
has become a significant pillar for the economy of the country. It has become the main
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grain production based in Heilongjiang province and also the main commodity grain
producing areas in country [35]. The area is also under the influence of the East Asian
Monsoon, which experienced strong north winds in the winter and south wind in the
summer [36]. Downtown and Bayan stations experienced higher variations in precipitation
as compared to Shangzhi and Wuchang stations [37]. The elevation is high in the northwest
and southeast side, and low in the northeast and southwest. There are many mountains
in the region, and the area above 300 m elevation accounts for 36% of the land area of
the region. Songnen plain and Sanjiang plain are the two major agricultural plains and
account for 37 percent of the total area [38]. The Songhua River Basin is composed of three
sub river basins: namely the Nenjiang River Basin in the west, the Upper Songhua River
Basin in the south, and the Lower Songhua River Basin in the northeast. The Nenjiang
River tributary originates from the Yilehuli Mountain in the Great Khingan Mountains,
traveling 1370 km from northwest to southeast and drainage area 297,000 km?. The upper
Songhua River originates from Tianchi Lake in the Changbai Mountain and flows 958 km
from southeast to northwest, drainage land area of 73,400 km?. With a mild slope and wide
river channel, the Lower Songhua River carries the combined flow from the Nenjiang and
upper Songhua Rivers and flows towards 939 km northeast before entering the Amur River.
The elevation of the Songhua River Basin varies from 50 to 2700 m above sea level, with an
extensive floodplain—the Songnen Plain—in the middle of the basin after the confluence
of the Nenjiang and upper Songhua Rivers [39]. The location of the study area is presented
in Figure 1.
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Figure 1. Location of the study area.

3. Materials and Methods

The drought events have been assessed by using a precipitation base drought index
called Precipitation Decile (PD) and Standardized Precipitation Index (SPI). The drought
events have also been identified by using the Reconnaissance Drought Index which is based
on potential evapotranspiration data. Short term (3 months) and long term (12 months)
projected meteorological droughts were identified by using these three drought indices.
Future climate precipitation and temperature time series data of various Representative
Concentration Pathways (RCPs) were estimated by using outputs of the Global Circulation
Model downscaled with a statistical methodology.

3.1. Generating Future Climatic Data

Precipitation and temperature data were downscaled by using MarkSim generator
from 2021 to 2099. MarkSim is a 3rd order Markov precipitation generator [40,41]. It works
as a down-scaler for both climatic typing and stochastic downscaling. The algorithm of
MarkSim is a daily precipitation simulator. Generally, the third order model is necessary for
the tropical climate, while the lower order model can be used for the temperate climate [42].
The core efficiency of MarkSim in simulating the variance of precipitation observed in
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temperate and tropical zones is its advanced use of resampling of the Markov method
parameters. Generally, MarkSim used the historical data for the 12-month baseline transfer
probabilities. Therefore, it works for a huge set of parameters which includes rainstorm
size. It is not recalibrated every time because it is a globally valid model and there is
already a calibration set over 10,000 climatic stations globally. These were grouped into
702 climatic clusters by applying the 36 value of monthly maximum/minimum temper-
ature and precipitation. The MarkSim model used regression to calculate the sum of the
117 parameters from the cluster, most characteristics of the climate point to be simulated.

MarkSim estimated the maximum temperature, solar radiation, and minimum temper-
ature on a daily basis from the average of these variables by using the methods developed
by [43]. Solar radiation values on a monthly basis are estimated from the temperature by
using the model [44]. MarkSim assured that in the long run, data or values used for an
initial point for a simulation series will be reverted as the mean of the simulated series.
This shows the property of valid weather simulator. When GCM (General Circulation Mod-
els) differentials are added to the initial values, not only may the value of the regression
coefficient change, but they can change the climate clusters. It means simulated clusters
can be shifted to a different type. Therefore, we have a form called “climate typing” which
can alter depending on the GCM (General Circulation Models) differentials as can be the
response of the regression for parameters. MarkSim can be used as a climatic record for
any location globally. Generally, a climatic record consists of longitude, latitude, elevation,
precipitation, maximum/minimum temperature, and solar radiations. It also comprises the
temporal phase angle which & means the degree in which the climatic record is “rotated”
in the period. This rotation is needed because it eradicates the timing differences in the
climatic events, for example, season in the southern and northern hemisphere, therefore,
examination can be done on the standard climatic data. The weather record is rotated
to a standard period by using the 12-point fast Fourier transform which is based on the
1st point angel calculated by using the temperature and precipitation [45]. Almost all
processes are done in a rotated date space in MarkSim. We ran the MarkSim for basin wide
in the Songhua River Basin of China by selecting 17 GCMs as shown in Table 1 by using
20 year replications.

Table 1. Various MarkSim General Circulation Models (GCM).

Model Institution Resolution (Lat x Long)
1 BCC-CSM Beijing Climate Centre, China Meteorological Administration 2.81 x 2.81
2 BCC-CSM 1.1 (m) Beijing Climate Centre, China Meteorological Administration 2.81 x 2.81
Commonwealth Scientific and Industrial Research Organization
3 CSIRO-MK3.6.0 and the Queensland Climate Change Centre Of Excellence 187 x 187
4 FIO-ESM First Institute of Oceanography, SOA, China 2.81 x 2.81
5 GFDL-CM3 Geophysical Fluid Dynamics Laboratory, USA 2.0 x 25
6 GFDL-ESM2G Geophysical Fluid Dynamics Laboratory, USA 2.0 x25
7 GFDL-ESM2M Geophysical Fluid Dynamics Laboratory, USA 2.0 x 25
8 GISS-E2-H NASA Goddard Institute for Space Studies, USA 2.0 x 25
9 GISS-E2-R NASA Goddard Institute for Space Studies, USA 2.0x 25
10 HadGEM2-ES Met Office Hadley Centre, UK 1.24 x 1.85
11 IPSL-CM5A-LR Institute Pierre-Simon Laplace, France 1.87 x 3.75
12 IPSL-CM5A-MR Institute Pierre-Simon Laplace, France 1.87 x 3.75
13 MIROC-ESM Atmosphere and O'cean Research In'stitute, National Institute for 281 x 2.81
Environmental Studies, and Japan
14 MIROC-ESM-CHEM Atmosphere and chan Research Institute, National Institute for 281 x 2.81
Environmental Studies, and Japan
15 MIROC5 Atmosphere and Of:ean Research In.stitute, National Institute for 141 x 141
Environmental Studies, and Japan
16 MRI-CGCM3 Meteorological Research Institute, Japan 112 x 1.12
17 NorESM1-M Agency for Marine-Earth Science and Technology Norwegian 187 x 1.87

Climate Centre
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3.2. Meteorological Drought Indices

The Standardized Precipitation Index (SPI) is one of the most commonly used drought
indexes designed by McKee at Colorado University. SPI is based on each element of water
resources system reacting to the scarcity of precipitation over a various time scale. SPI has
many advantages such as (a) precipitation data used in SPI can be used to calculate the
current period water deficit, (b) SP1 is related to the probability, (c) SPI is used to measure
the drought as well as wet events. The most important advantage of the Standardized
Precipitation Index is that it can be used to calculate the dry and wet events at multiple
time scales (3, 6, 9, and 12 months). This is significant as the time scale over the deficit of
precipitation divides various types of dry events [46]. Generally, SPI is computed for the
five-time intervals (1, 3, 6, 9, and 12 month) but it is flexible according to the period chosen.
The Standardized Precipitation Index is calculated by fitting the Gamma probability density
function to give a distribution of precipitation frequency at various time scales (from 1 to
12 month). A maximum likelihood method is used for the parameter estimation of each
area or basin. Gamma distribution is not defined for zero precipitation while distribution
of precipitation may contain zero value. Therefore, a “naive” method has been used in
this research. This method substituted the small amount (say 0.1 mm) of precipitation to
the null precipitation. This small amount of precipitation does not affect the precipitation
distribution. The error presented by this method is depending upon the number of months
which have a zero precipitation. Complete formulation of the Standardized Precipitation
Index calculation has already been presented by [47]. The drought index is based on o and
f in a gamma distribution [48]. The cumulative probability of precipitation is measured by
using the following dynamics [49]:

P P
G(P) = [ sy = g [ 37167 () 0
0 0

where T denotes the gamma function.
The probability g (zero precipitation) can be measured by dividing dry month over
the total extent of monthly data time series:

H(P) =g+ (1-9)G(P) 2)

where H(P) denotes the cumulative probability.
For the computation of the value SPI, an equal-probable transformation through H (P)
is used:
SPI = @ Y(H(P)) 3)

where @ denotes the standard normal cumulative distribution function.

The Precipitation Decile is another commonly used index which was introduced
by [50]. This index distributes the probability of occurrence of precipitation into the 10th of
precipitation distribution. Every group is called the Precipitation Decile. If the summation
of fall is between the lowest value of the Precipitation Decile, then the region is considered
to be under drought. The drought ends when the calculated precipitation during the
previous month already places the three-month total in or above the 4th or 8th Precipitation
Decile [51].

The Reconnaissance Drought Index was proposed in the meeting of MEDROPLAN.
The Reconnaissance Drought Index has the following expression. The 1st expression
is known as initial value of RDI (#,) which showed the cumulative form by using the
monthly time series and can be calculated by every month or 12 months of the hydrological
year. The a, is normally calculated for the ith year in the annual basins by applying the
following formula:
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where Pij and PETij describe the precipitation and potential evapotranspiration (PET) of
the jth month of ith year. The Reconnaissance Drought Index has some advantages as
compared to other commonly used drought indices.

(a) This index can be calculated any time period and calculation always indicates the
significant figure; (b) This index is effectively linked with agricultural drought; (c) The
index is also associated with the meteorological conditions of the area and it can be easily
compared with FAO aridity index (Al); (d) The Reconnaissance Drought Index can be
used under the climatic instability environment for the investigation of the significance of
different climatic factor changes which are associated with water deficit problems.

It is concluded from the above advantages that the Reconnaissance Drought Index
is a suitable index for the estimation of drought severity over the large geographic area.
The analysis showed that RDI is a more sensitive drought index than those indices which
are only based on precipitation, for example, SPI. The Reconnaissance Drought Index can
calculate the drought for any period from one month to 12 months. The Reconnaissance
Drought Index (RDI) can give very significant results if the time duration of the analysis
matches with the growing seasons of the crops in the study area. The Standardized
Precipitation Index is solely dependent upon precipitation and previous studies show that
it was not effectively correlated with agricultural production [52]. The Reconnaissance
Drought Index has a crucial advantage due to the inclusion of potential evapotranspiration
which enhances its validity in research studies pointing to risk assessment in agriculture
because of the occurrence of droughts. Generally, water requirement is increasing due to
the rise in temperature. Therefore, the Reconnaissance Drought Index is a good choice for
the future as an indicator for the risk assessment of droughts.

4. Results and Discussions

Drought analysis was conducted at the study area by applying the various drought
indices by using future statistical downscaled data of precipitation and temperature time
series of different Representative Concentration Pathways (RCPs). Moreover, drought
severity, drought intensity, and drought duration were also calculated for the meaningful
evaluation of drought severities in the research area. The basic criterion of different drought
classes for SPI and RDI is given in Table 2 while the classification of the Precipitation Decile
can be seen in Table 3.

Table 2. Basic criterion for droughts.

State Description Criterion
1 Mild drought —0.50 to —0.99
2 Moderate drought —1.00to —1.49
3 Severe drought —1.50 to —1.99
4 Extreme drought <-2.00

Table 3. Precipitation Decile classification.

Decile Class Description
Decile 1-2 Much below normal
Decile 3—4 Below normal
Decile 5-6 Near Normal
Decile 7-8 Above Normal

Decile 9-10 Much above Normal
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4.1. RCP2.6

The Reconnaissance Drought Index, Precipitation Decile, and Standardized Precipita-
tion Index were used for the assessment of short-term drought (3 months) and long-term
drought (12 months) by using the Representative Concentration Pathway (RCPs) climatic
data. The detailed information about RCP 2.6 was already discussed in the Method and
Datasets section. Figure 2 shows the dry and wet trends of the study area by month wise
(i.e., SPI-3 and SPI-12) and drought indices wise (SPI-12 and RDI-12).
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Figure 2. SPI and RDI drought trends at 3 months and 12 months under RCP 2.6.

The drought severities were investigated by using the drought characteristics (i.e.,
drought severity (DS), drought intensity (DI), and drought duration (DD)). The drought
analysis at 3 months showed that mild drying trends are expected to prevail during the
period 2082 to 2085. The characteristics of drought showed that the drought duration
was prolonged up to 4 years with drought severity —0.91 and drought intensity (—0.23).
Similarly, moderate drought conditions are projected to occur between 2021-2023 and
2066-2068. The drought duration is expected up to 3 years with drought severity (—1.04)
and drought intensity (—0.35) during the above-mentioned periods. The results show that
almost the same drought characteristics occur between 2021 and 2023 and between 2066
and 2068. Severe drought conditions projected from 2073 to 2076 with drought severity
—1.66 and drought intensity —0.42, while extreme drying trends are projected between 2097
and 2099 with drought severity —1.85 and drought intensity —0.62 as presented in Table 4
and Figure 2. As shown in Figure 2b, the Reconnaissance Drought Index is performing
much better for the assessment of long term drought as compared to the Standardized
Precipitation Index, while Figure 2d showed that the Standardized Precipitation Index is
performing much better for the assessment of short term (3 month) droughts, especially
assessment of drought anomalies after the 2060’s in the research area. Many researchers
have investigated that the Standardized Precipitation Index is dominated for the assessment
of drought onset. For example, ref. [53] investigated the drying trend in the Songhua River
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Basin by using SPI and results showed that short-term drought onset is dominated by SPL
The overall results showed that extreme drought hazards are expected to dominate during
the last phase (2070-2099) at 3-month analysis in the study area.

Table 4. Drought duration (DD), drought severity (DS), and drought intensity (DI) under RCP 2.6.

SPI-3 SPI-12
DD (years) DS DI DD (years) DS DI
2021-2023(3) —1.04 —0.35 2021-2023(3) —1.36 —0.45
2066-2068(3) —1.04 —0.35 2027-2030(4) —-0.70 -0.17
2073-2076(4) —1.66 —0.42 2062-2064(3) —1.00 —0.33
2082-2085(4) —091 —0.23 2087-2089(3) —0.95 —0.32
2097-2099(3) —1.85 —0.62 2037-2039(3) —-0.79 —0.26
RDI-3 RDI-12
DD (years) DS DI DD (years) DS DI
2021-2023(3) —1.09 —0.36 2021-2023(3) —0.86 —0.29
2025-2027(3) —0.75 —0.25 2025-2030(6) —-091 —0.15
2032-2035(4) —0.68 -0.17 2074-2076(3) —1.37 —0.46
2044-2048(5) —0.84 —0.17
2060-2062(3) —0.83 —0.28
2074-2077(4) —1.01 —0.25

The Standardized Precipitation Index was also used to evaluate the drought anomalies
at a 12-month basis in the study area. Generally, mild and moderate drought conditions
are projected to prevail in the study area during the 12-month drought analysis during the
period 2021 to 2099 in the research area. The drought duration predicted 3 to 4 years and
drought severity values varied between —0.70 and —1.36. The highest drought severity
was projected between 2021 and 2023 while lower drought severity was predicted between
2027 and 2030. Similarly, a 3-month drought analysis was also conducted by using the
Reconnaissance Drought Index in the research area. A mild drought is projected during
2025-2027 (DS —0.75 and —0.25), 2032-2035 (DS —0.68 and DI —0.17), 2044-2048 (DS —0.84
and DI —0.17), and 2060-2062 (DS —0.83 and DI —0.28). A moderate drought expected
during the period 20212023 (DS —1.09 and DI —0.36) and 2074-2077 (DS —1.01 and
DI —0.25) as shown in Table 4.

Drought anomalies were also calculated at a 12-month time scale in the research area by
using the Reconnaissance Drought Index. This drought index is based on the precipitation
(P) and potential evapotranspiration (PET) data. The results showed mild drying trends
projected between 2021 and 2023 and between 2025 and 2030. The drought severity ranges
between —0.86 to —1.37 while drought intensity is projected to vary between —0.15 to
—0.46 as shown in Table 4. Similarly, one more precipitation base drought index called
the Precipitation Decile was used for the assessment of meteorological drought in the
research area. Figure 3 presented the drought anomalies between 2021 and 2099 in the
study area. The outcomes showed drying trends experienced during the years 2034, 2066,
and 2090. The results showed that the average precipitation in these years is much below
than normal precipitation.

The Reconnaissance Drought Index, Precipitation Decile, and Standardized Precip-
itation Index were used to identify the drying trends in the research area by using the
RCP2.6. Every kind of drought index has different inside calculation procedures. Therefore,
the drought characteristic procedure was adopted to find out the exact drought timing
and drought intensity in the research area. The Precipitation Decile drought index is the
simplest one for the prediction of drought while the Reconnaissance Drought Index and
Standardized Precipitation Index are more advanced and have multiple directions for
drought assessment. Moreover, the initial theoretical bases of the Reconnaissance Drought
Index and Standardized Precipitation Index are different, regarding their calculation pro-
cess. The Standardized Precipitation Index is calculated as a “rolling” drought index in
a monthly consecutive order [54], normally with five running time intervals (i.e., 1, 3, 6,
9, and 12 months). The Reconnaissance Drought Index is calculated for discrete reference
periods (i.e., 3, 6,9, and 12 months) on the hydrological year [55].
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Figure 3. Drying pattern of Precipitation Decile (PD) under RCP 2.6, RCP4.5, and RCP 8.5.

4.2. RCP4.5

The Standardized Precipitation Index, Precipitation Decile, and Reconnaissance
Drought Index were used to identify drought trends under the Representative Concentra-
tion Pathway 4.5. The details about RCP 4.5 have been discussed in an earlier section of
the paper. The drying trends scenario under the Representative Concentration Pathway 4.5
are shown in Figure 4. The 3-month analysis under the Standardized Precipitation Index
showed that mild drought is expected to occur during the period 2053-2056 (DD, 4 year),
2059-2061 (DD, 3 year), and 2091-2093 (DD, 3 year). The drought characteristics showed
that drought severity values varied between —0.80 and —0.91 and the highest value of
drought intensity projected was during 2059-2061 (DI value—0.30) while the lowest value
projected was during 2053-2056 (DI value—0.23) as shown in Table 5 Similarly, drought
analysis was also conducted at a 12-month basis under RCP 4.5 by using the Standardized
Precipitation Index. Overall, results showed a mild and moderated drought condition
during 2021 and 2099. It was noticed that the years 2021 to 2024, 2031 to 2034, and 2052
to 2054 projected under mild drought with drought intensity varied between —0.14 and
—0.24 while drought severities values range between —0.70 and —0.85. Moderate drought
conditions are expected to occur during 2025-2027. Generally, there was no evidence found
about severe or extreme droughts during the 12-month drought analysis by using the
Standardized Precipitation Index in the study area.

A comparative analysis of 3- and 12-month drying trend was investigated by using
the Reconnaissance Drought Index and Standardized Precipitation Index as shown in
Figure 4b,d. The results showed that the Reconnaissance Drought Index prevails during
the 12-month drought assessment as shown in Figure 4b while almost both drought indices
(RDI and SPI) showed the same behavior of drought identification at 3-month drought
analysis between 2021 and 2099 in the research area.

The Reconnaissance Drought Index was also used for the identification of drying
trends at 3 and 12 months between 2021 and 2099. Firstly, we described the results of
3-month drought analysis and then 12-month drought analysis. It was noticed that most of
the period are expected to be under mild drought conditions. For example, mild drought
is projected to occur between 2045-2048, 2049-2051, 2056-2058, and 20962098 while
moderated drought noticed between 2069 and 2071, 2087 and 2089, and 2090 and 2092.
The highest drought severity is projected during the period 2069-2071 (drought severity
value —1.40) whereas the lowest value of drought severity (—0.40) was projected during
2045-2048 as shown in Table 5. The 12-month drought analysis by using the Reconnaissance
Drought Index showed mild, moderate, and severe drought conditions expected in the
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study area between 2021 and 2099. For instance, the period 2096 to 2099 showed severe
drying conditions are expected with drought severity (—1.53) and drought intensity (—0.38)
while moderated drought conditions are expected between 2093 and 2095 with drought
severity (—1.28) and drought intensity (—0.43) in the study area. It was also noticed that
most of the period is expected to be under mild drought conditions as shown in Table 5.
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Figure 4. SPI and RDI drought trends at 3 months and 12 months under RCP 4.5. (a) SPI drought trends at 3 and 12 month;
(c) RDI drought trends at 3 and 12 month; (b) SPT and RDI drought trends at 12 month (d) SPI and RDI drought trends at

3 month.

Table 5. Drought duration (DD), drought severity (DS), and drought intensity (DI) under RCP 4.5.

SPI-3 SPI-12
DD (years) DS DI DD (years) DS DI
2025-2027(3) —1.14 —0.38 2021-2024(5) —0.70 —0.14
2053-2056(4) —-091 —0.23 2025-2027(3) —1.04 —0.35
2059-2061(3) —0.90 —0.30 2031-2034(4) —0.85 —0.21
2066-2068(3) -1.72 —0.57 2052-2054(3) -0.73 —0.24
2083-2087(5) —1.34 -0.27
2091-2093(3) —0.80 —0.27
RDI-3 RDI-12
DD (years) DS DI DD (years) DS DI
2045-2048(4) —0.96 —0.24 2031-2033(3) —0.73 —0.24
2049-2051(3) —0.79 —0.26 2052-2054(3) —0.90 —0.30
2056-2058(3) —0.79 —0.26 2072-2074(3) —0.99 —0.33
2069-2071(3) —1.40 —0.47 2076-2078(3) —0.90 —0.30
2077-2079(3) —0.85 —0.28 2087-2090(4) —0.85 —0.21
2087-2089(3) —1.39 —0.46 2093-2095(3) —1.28 —043
2090-2092(3) -1.27 —0.42 2096-2099(4) —1.53 —0.38
2096-2098(3) -0.97 —0.32

The Precipitation Decile index was also used under RCP 4.5 to predict the drying
trends in the research area. It was observed that most of the period is expected to be under
drying between 2021 and 2040 as shown in Figure 3.

4.3. RCP8.5

As shown in Figure 5, the drought trends in the study area are determined by using
the Reconnaissance Drought Index and Standardized Precipitation Index under the Repre-
sentative Concentration Pathway 8.5. Reconnaissance Drought Index and Standardized
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Precipitation Index have been used to identify the drought anomalies at 3-months and
12-month bases in the research area. The outcomes of 3-month drought analysis by using
the Standardized Precipitation Index revealed that the periods 2041-2044 and 20912093
are expected to be under mild drought conditions with drought severity ranges varied
between —0.79 to —0.97 and drought intensity ranges between —0.20 to —0.32 as shown
in Table 6. Moderate drought conditions are expected to prevail during the periods of
2025-2028 (DS-1.16 and DI-0.29), 2046-2048 (DS-1.15 and DI-0.38), 2053-2056 (DS-1.42 and
DI-0.36), and 2071-2073 (DS-1.20 and DI-0.40).
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Figure 5. SPI and RDI drought trends at 3 months and 12 months under RCP 8.5. (a) SPI drought trends at 3 and 12 month;
(c) RDI drought trends at 3 and 12 month; (b) SPT and RDI drought trends at 12 month; (d) SPI and RDI drought trends at

3 month.

Table 6. Drought duration (DD), drought severity (DS), and drought intensity (DI) under RCP 8.5.

SPI-3 SPI-12
DD (years) DS DI DD (years) DS DI
2025-2028(4) —1.16 —0.29 2021-2026(6) —-0.93 —0.16
2041-2044(4) —0.79 —0.20 2027-2032(6) —1.07 —0.18
2046-2048(3) -1.15 —0.38 2034-2036(3) —0.96 —0.32
2053-2056(4) —1.42 —0.36
2071-2073(3) —1.20 —0.40
2091-2093(3) -0.97 —0.32

RDI-3 RDI-12
DD (years) DS DI DD (years) DS DI
2032-2034(3) -1.81 —0.60 2055-2057(3) —0.69 —0.23
2084-2086(3) —0.64 —0.21 2065-2067(3) —0.67 —0.22
2088-2090(3) —0.83 —0.28 2071-2077(7) —1.04 —0.15
2093-2095(3) —1.35 —0.45 2084-2088(5) —1.54 —0.31
2097-2099(3) —1.51 —0.50 2093-2099(7) —1.50 —0.21

Similarly, drought anomalies were also assessed at a 12-month time scale by using
the Standardized Precipitation Index under the Representative Concentration Pathway 8.5.
Generally, the study area is expected to undergo mild and moderate drought conditions
between 2021 and 2099 at a 12-month time scale drought analysis. The mild drought is
expected during the periods 2021-2026 and 2034-2036 and drought severity varies between
—0.93 and —0.96 and drought intensity range between —0.16 and —0.32. Reconnaissance
Drought Index analysis at 3 months and 12 months showed that a mild, moderate, and
severe drought conditions are expected during the future. The 3-month drought analysis
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showed that a mild drought condition is expected during the periods 2084-2086 and
2088-2090 while moderate drought is going to occur during the period 2093-2095. Similarly,
severe drought anomalies are projected to occur during the period 2032-2034 and 2097-2099
as shown in Table 6. The highest severity of drought is projected to occur during the period
2032 to 2034 with drought severity value —1.81 and drought intensity —0.60. The 12-month
drought analysis conducted by using the Reconnaissance Drought Index showed that the
periods 2071-2077, 2084-2088, and 2093-2099 are expected to undergo a severe drought
condition. The highest drought severity was found —1.54 with drought intensity value
—0.31 through 2084 to 2088 during the 12-month drought analysis. Our results are in
line with previous research in the study area [56]. The previous research showed that
RDI evaluated the severe drought much better in the research area, which means that
RDI is more sensitive in the assessment of severe drought and drought events are one
of the primary causes of climate change. RDI is very sensitive to climate change due to
the inclusion of evapotranspiration. The inspection of future drought events in Songhua
River Basin could provide the behavior of various drought indices. For example, SPI uses a
single variable (precipitation) for drought identification while RDI is an evapotranspiration-
based drought index in which the researcher can find the footprint of the temperature.
Temperature-based drought indices are very sensitive to climate change [57]. Many studies
showed that evapotranspiration-based drought indices performed much better in the
assessment of severe drought. Achievement of this study recognizes the claim of the RDI
developer concerning the limitation of SPI.

Figure 5 showed the comparison of the Reconnaissance Drought Index and Standard-
ized Precipitation Index at 3-month and 12-month drought analysis. The results showed
that the Standardized Precipitation Index performs better in detecting a drought anomaly
during the first half (2021-2050) while the Reconnaissance Drought Index proves to be
a better drought index to detect drought anomalies during the 2nd half (2051-2099) at
12-month drought analysis in the study area as shown in Figure 5b. Similarly, 3-month
comparative drought analysis showed that both drought indices are performing almost in a
similar way to detect the drought anomalies in the study area during the period 2021-2099
as shown in Figure 5d.

The Precipitation Decile (PD) was also used to detect drought anomalies in the study
area. The Precipitation Decile is the simplest drought index as compared to the Recon-
naissance Drought Index and Standardized Precipitation Index and it is solely based on
precipitation data and gives a result in the form of classes. These classes vary from 1 to
10. The class 1-2 shows the much below normal precipitation while class 9-10 shows that
precipitation is much above normal conditions. The class 5-6 shows the normal precipita-
tion. Figure 3 shows the precipitation anomalies in the study area during 2021-2099. The
detailed pattern of the much below normal, below normal, near normal, above normal,
and much above normal precipitation is presented in the Figure 3.

Based on the investigation of drought events, it was noted that this study would
be useful for the better management of water resources in the region. Climatic variables
(e.g., precipitation) are normally accepted for the description of drought variability. This
study used data of very limited parameters (precipitation, temperature) for the drought
evaluation. Therefore, there is still a need for further research studies to explore how
other factors (solar radiations, soil moisture, wind speed, humidity) can potentially affect
drought phenomenon.

5. Conclusions

Drought is the phenomenon which is occurring greatly due to climate variations.
Future drought projection plays an important role in the planning and management of
water resource systems. Different future scenarios RCP 2.6, RCP 4.5, and RCP 8.5 were
evaluated with shorter and longer time scales to select the best scenarios for future projected
droughts based on the Reconnaissance Drought Index and Standardized Precipitation Index
for the study area.
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The results showed that a greater number of drought events are predicted under
RCP4.5 as compared to RCP 2.6 and RCP 8.5. Moderate drought is observed prolonged as
compared to mild, severe, and extreme drying trends for the shorter timer period under
RCP 2.6. The results also revealed that extreme drought hazards are expected to dominate
during the last phase (2070-2099) at 3-month analysis under RCP2.6. The outcomes
revealed that mild drying trends are projected between 2021 and 2023 and between 2025
and 2030. The drought severity ranges between (—0.86 to —1.37) while drought intensity
is projected to vary between —0.15 to —0.46 at 12-month drought analysis under RCP2.6.
It was also observed that the Precipitation Decile predicted a greater number of drought
years under RCP 2.6. It was noticed that the years 2021 to 2024, 2031 to 2034, and 2052 to
2054 projected under mild drought have drought intensity varying between —0.14 and
—0.24 while drought severities values range between —0.70 and —0.85 under RCP4.5. The
Precipitation Decile index was also used under RCP 4.5 to predict the drying trends in
the research area. It was observed that most of the period is expected to be under drying
between 2021 and 2040.

The mild drought is expected to occur between 2021-2026 and 2034-2036 with drought
severity varying between —0.93 and —0.96 and drought intensity ranging between —0.16
and —0.32. The Reconnaissance Drought Index analysis at 3 months and 12 months showed
that a mild, moderate, and severe drought conditions are expected during the future under
RCP 8.5. Over all, moderate and mild drought were observed in this region for shorter and
longer term under RCP 2.6, 4.5, and 8.5 future scenarios.

These findings are useful for water resources manager decision makers and govern-
ment’s institutions to emphasis on preparedness and mitigation to overcome these natural
hazards. Moreover, there is a need for interdisciplinary cooperation, appropriate strategies,
and joint effort with policy makers at all levels. They can mitigate through proper and
efficient utilization of water resources in the urban and agriculture sector in order to control
the drought.
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