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Abstract: The use of hydro-climatological time series to identify patterns is essential for compre-
hending climate change and extreme events such as drought. Hence, in this study, hydrological
drought variability based on the standard drought index (SDI) using DrinC was investigated at ten
(10) hydrological stations in the Upper Indus River Basin (UIRB) of Pakistan on a monthly timescale
for a period of 1961–2018. Moreover, the applicability of the improved innovative trend analysis
by Sen Slope method (referred hereafter as the IITA) method was evaluated in comparison with
innovative trend analysis (ITA) and Mann–Kendall (MK). The findings demonstrated a significant
decreasing trend in the hydrological drought from October to March; on the other hand, from April
through September, a significant increasing trend was observed. In addition to that, the consistency
of the outcomes across the three trend analysis methods was also observed in most of the cases, with
some discrepancies in trend direction, such as at Kharmong station. Conclusively, consistency of
results in all three trend analysis methods showed that the IITA method is reliable and effective due
to its capability to investigate the trends in low, median, and high values of hydrometeorological
timeseries with graphical representation. A degree-day or energy-based model can be used to extend
the temporal range and link the effects of hydrological droughts to temperature, precipitation, and
snow cover on a sub-basin scale.

Keywords: hydrological drought; Upper Indus River Basin; trend; Mann–Kendall

1. Introduction

Extreme climatic and hydrologic events have increased in frequency due to global
warming, having a profound impact on biological systems, human activities, and the eco-
nomic conditions of the country [1]. Recently, people have become increasingly conscious
of both the local and global effects of climate change on rivers. Surface flow can endanger
sustainability, water availability, mean daily flows, and annual flooding patterns, which
are all well-known [2].

Compared to other weather and climatic extremes, droughts are much more complex
and poorly understood phenomena that spread slowly yet have incredibly damaging
impacts [3]. The intensity and frequency of drought events are now extensively acknowl-
edged to be on the rise globally in many locations due to rising temperatures and climate
change [4]. Due to a much smaller number of hydrological variables than usual, mostly
hydrological droughts have been observed [5]. The hydrological cycle is considerably
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disrupted by drought, and the region’s streams are flowing at levels below average [6].
Agriculture, community, ecology, economy, and politics are all negatively impacted by
drought [7]. There has been numerous research conducted worldwide to look into the pat-
terns of drought in Canada [8], South Korea [9], North America [10], and Pakistan [11–16].
The complex interactions between hydrological drought timescales and meteorological
droughts were examined by [17]. To gauge the severity of the drought, the Standardized
Drought Index (SDI), a hydrological streamflow index, was combined with the Standard-
ized Precipitation Evapotranspiration Index (SPEI). Overall, it was shown that natural
basins bordering the United States revealed that SDI responded well to SPEI during shorter
time periods. Similarly, [18] employed standardized runoff, precipitation, and water level
metrics to monitor the Vistula basin drought in Poland. Using satellite pictures, Ref. [19] did
another study to identify the dangers of drought for agriculture in Ukraine. In comparison
to the rest of the world, eastern Asian countries, including China, have experienced more
severe droughts [20]. Gridded air temperature and precipitation datasets based on obser-
vation are being used to study the spatiotemporal variations in meteorological drought
in South Asia (SA) from 1981 to 2020. Run theory and the Standardized Precipitation
Evapotranspiration Index (SPEI) on annual and seasonal timescales were used to calculate
the drought characteristics, such as duration, area, frequency, intensity, and severity. Sen’s
slope estimator and the modified Mann–Kendall (MMK) test were used to estimate trends.
It was discovered that SA’s winter season has a considerable long-term drying trend, partic-
ularly in the southwest and northeast [21]. Another study looked at how the socioeconomic
effects of rising drought risks under 1.5 ◦C and 2 ◦C climate warming will vary in SA and
its subregions and found that under a 1.5 ◦C warming scenario, the frequency of 50-year
historical droughts may double throughout 80% of the SA land area. In contrast, under
2 ◦C of warming, 12% of SA’s landmasses could experience significant droughts [22].

In many studies, both parametric and non-parametric tests were employed to examine
the variability in hydro-meteorological variables at the annual, monthly, and seasonal
scales [23,24]. Parametric trend identification approaches are thought to be more powerful
for studying variations in hydro-meteorological timeseries data; however, these methods
require the data’s normal distribution, which is uncommon [25]. Therefore, non-parametric
trend detection tests do not have the restrictive measure of data normality, and they have
been widely employed in various studies [26,27].

Earlier studies used generally used trend finding techniques, including Spearman’s rho
(SR), Sen’s slope estimator (SSE), Mann–Kendall (MK), linear regression (LR) methods, and
others, to examine changes in monotonic trends as well as in medium, high, and low values
of hydro-meteorological timeseries. An innovative trend analysis (ITA) methodology
was created and evaluated [28,29] for the purpose of assessing trends in hydrological,
biological, and meteorological variables [30–32]. ITA is a method that is simple to use
and intuitive, irrespective of the distribution conventions, such as serial independence of
the data, length of timeseries data, and normal distribution, used to ascertain trends in
subcategories of different time series [33]. ITA has been utilized to look at hidden trends
in variables of hydro-meteorological timeseries in many parts of the world. When Ay
and Kisi [34] conducted trend analysis using ITA for monthly precipitation in Turkey’s six
different provinces, they found that Trabzon and Samsun had much higher trends than the
other four regions, which they determined to be unimportant. The Macta watershed in
Algeria showed an upward trend towards the southern parts and a falling trend towards
the northern portions. Elouissi et al. [33] conducted trend analysis for 25 stations using
the ITA method for monthly precipitation. In Shanxi Province, China, Wu and Qian [35]
used the linear regression, MK, and ITA methods to evaluate the variations in annual
and seasonal rainfall at 14 stations. They arrived at the conclusion that their findings
showed excellent consistency between tests and perfect concordance among tests that
demonstrated meaningful patterns. Using the modified MK and ITA tests, Tosunoglu
and Kisi [36] evaluated drought characteristics for nine sites. The findings demonstrated
that whereas the ITA demonstrated a significantly declining trend at a 10% significance
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level, the modified MK test produced trendless results for the analyzed stations. Şen [27]
created a calculation method to calculate the significance of test statistics and monotonic
trends and further upgraded the ITA approach, making it easier to obtain trend behavior
for all subcategories of timeseries [37,38]. Traditional and innovative trend analysis (ITA)
methodologies have been used to analyze spatial-temporal monotonic and non-monotonic
trends in Assam, India, for yearly precipitation data. Percentile (quartile) intervals have
been used for the first time to present the ITA method’s results by making an objective
evaluation in sub-trend categories [39]. For hydrometeorology time series recorded in
Oxford, England, since 1870, the trends, stabilities, and rainfall data have all been carefully
examined. The chosen time series’ piecewise trends and stabilities have been identified and
examined using the innovative trend analysis (ITA) method, and compared to studies in
the literature such as the Modified Mann–Kendall (MMK), the piecewise ITA approach in
this study delivers more in-depth information [40].

The Upper Indus River Basin (UIRB) is home to numerous mountain ranges with
mountainous terrain and steep elevations. Six significant rivers make up Pakistan’s Indus
River Basin (IRB): the Sutlej, Chenab, Jhelum, Ravi, Kabul, and Indus. There is a lot
of discussion among scientists on how the ice masses in the Upper Indus River Basin
(UIRB) will behave in the face of environmental change and what obligations they will
have to runoff. The results of examining ice sheets using remote detection methods and
the Geographic Information System are inconsistent. Himalayan ice sheet concerns have
been a significant subject of open concern and reasoned discussion [41]. The majority
of Asian rivers have their origins in the Himalayan and Tibetan Plateau, counting the
Brahmaputra and Ganges in India, the Irrawaddy in Burma, the Yangtze in China, and
the Indus in Pakistan. For their social and economic well-being, millions of people in
Pakistan depend on UIRB’s water delivery through the biggest irrigation system in the
world, which is made up of a network of reservoirs and dams [42]. The UIRB is a climate
change hotspot due to competing hydro-meteorological features that favor the vast and
complicated Hindukush-Karakoram-Himalaya region, as well as contradicting climate
change signals [43,44]. Additionally, the Indus Basin is severely impacted by the water
sector because of the gradual rise in population, industry, and agricultural expansion,
which causes an excessive amount of groundwater to be drawn out of the ground [45–47].

Extreme hydrologic and climatic events are expected to grow increasingly intense and
frequent in Pakistan in the near future, posing substantial hazards to the country’s economic
development. Pakistan is already suffering from severe droughts, floods, and other natural
disasters [48,49]. Sen’s Slope Estimator (SSE) and Mann–Kendall (MK) tests were employed
at 15 stations in the Upper Indus River Basin (UIRB) to investigate annual and seasonal
variations in precipitation [50]. Annual precipitation demonstrated substantial negative
trends at 6 of the 15 examined stations (Astore, Chilas, Dir, Drosh, Crupis, and Kakul)
and significantly increasing precipitation at Bungi, Chitral, and Skardu, but other stations
depicted insignificant trends. The study revealed that UIRB was governed by a negative
precipitation trend, both temporally and geographically.

The innovative trend analysis (ITA), Mann–Kendall (MK), and Sen’s slope estimator
(SSE) methods were applied to examine fluctuations in hydro-meteorological variables
throughout a high-elevation watershed in Pakistan’s western Himalayas, and the results
were found to be consistent across all methodologies [51]. Sen’s slope estimator (SSE) and
Mann–Kendall (MK) tests were used to explore runoff shifts in the UIRB, and the results
revealed upward trends in spring and winter precipitation and streamflow [52]. The prior
experience of drought occurrences in Pakistan encourages us to identify new hydrological
drought trends and patterns within the Upper Indus River Basin (UIRB). However, it
is still unclear if such recent, unusual events are connected to spatiotemporal drought
trends that could be identified in historical streamflow observations. Research on the
distribution of drought events over time and space, the shortage of water, and their length
is still lacking. In order to improve analytical accuracy in the UIB, Pakistan’s data-scarce
regions, it is necessary to use more precise, unique ways of identifying innovative trends.
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Understanding the pattern of hydrological drought occurrences is made more difficult by
the lack of historical Upper Indus Basin (UIB) hydrological information. Additionally, the
streamflow gauging stations located in remote places are difficult to access and lack records
for various seasons. Ref. [53] examined the patterns of drought occurrences in UIRB in
terms of extreme precipitation, return period, and time distribution. The characteristics
of drought are still not fully understood. Since UIRB is a significant supply of water for
industry and agriculture in Pakistan, it is necessary to accurately estimate the trend pattern
of the hydrological drought for this area; therefore, the improved innovative trend (IITA)
was employed. The SDI indices were calculated using DrinC software version: 1.7 using
mean monthly streamflow measurements. So, the goals of this study are to (1) identify the
statistical characteristics of the variables associated with hydrological drought events and
to identify temporal trends in UIRB; (2) by comparing the outcomes of the IITA method
to those of ITA and MK, the method’s dependability is determined. Thus, it is crucial to
control the inflows and outflows of barrages and dams situated downstream of UIRBs by
being aware of drought trend patterns. The results of this study will aid in managing local
water resources and prevent harm to the nation’s economy.

2. Materials and Methods
2.1. Study Area and Data Used

One of the world’s biggest transboundary rivers, the Indus River Basin (IRB) drains
an area of 1.08 × 106 km2, and it is shared by Afghanistan (6.7%), India (26.6%), China
(10.7%), and Pakistan (56%) [54]. The Upper Indus River Basin (UIRB) watershed is located
in the Hindukush-Karakoram-Himalayas and Tibetan Plateau between 32.48◦ and 37.07◦ N
latitude and 67.33◦ to 81.83◦ E longitude [55]. One of the world’s most glaciated basins is
the UIRB, with about 11,000 glaciers and a 22,000 km2 surface [44,56]. Being the primary
source of water for a number of downstream uses, including agriculture, hydropower,
industry, and domestic consumption, the UIRB is essential to Pakistan’s socioeconomic
growth. The Hindukush-Karakoram-Himalayas, the third-largest mountain region on
Earth, stretches over 2000 km and is exposed to climatic variables such as shifting source
areas of flows and precipitation [57,58].

The longest continuous irrigation system in the world, which obtains water from the
Indus River, provides 90% of the country’s food. However, the country could experience
serious food shortages if water resources are insufficient [59]. Due to its desert or hyper-
arid environment, the country’s south is susceptible to destructive floods during the
monsoon season and occasional droughts during the dry season [60]. Therefore, it is
crucial to look into changes in the availability of water resources while planning and
managing future projects in order to meet the constantly growing requirements for fiber
and food. Ten (10) stations with daily streamflow datasets from the Pakistan Water and
Power Development Authority (WAPDA) were chosen for additional research based on
the records’ completeness, homogeneity, and extent. The age span of the data collected at
the selected locations is 35 to 58 years old (1961 to 2018). Figure 1 displays the locations of
numerous stream gauging stations that are situated within the UIRB. The average annual
precipitation over the UIRB varies from 450 to 1567 mm at low-altitude locations and from
193 to 1750 mm at high altitude regions.

2.2. Assessment of Hydrological Drought

In the current study, the streamflow drought index (SDI) was employed for hydrologi-
cal drought evaluation. Because of its efficacy, application, and compatibility at diverse
time scales for several case studies. The SDI calculation comprises fitting distributions to
runoff data, estimating PDF and CDF, and converting it into a standardized distribution,
which yields the SDI value. Moreover, a positive SDI number indicates a wet condition,
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whereas a negative value indicates a dry condition. Considering the hydrological year
(October to September), SDI was calculated as

Vi,k =
3k

∑
j=1

Qi,j i = 1, 2, 3, . . . , n j = 1, 2, . . . , 12 and k = 1, 2, 3, 4 (1)

SDIi,k =
Vi,k −Vi,k

Sk
(2)

where Vi,k the cumulative runoff for reference period k and i is the hydrological year; Sk is
the standard deviation; and Vk is the mean value of runoff.

Based on SDI value, hydrological drought is characterized as [13,16] described in
Table 1.
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Table 1. Characterization of hydrological drought based on the SDI value.

SDI Value ≤2.00 1.50–1.99 1.0–1.49 0.00–−0.99 −1.00–−1.49 −1.50–−1.99 ≤−2.00

Category Extremely
Wet Severely Wet Moderate

Wet
Mild

Drought
Moderate
Drought

Severe
Drought

Extreme
Drought

2.3. Trend Analysis Methods
2.3.1. Mann–Kendall Test

The MK test [61,62] is a well-established test unaffected by outliers and free from the
requirement of normally distributed data [63]. In order to investigate the fluctuations in
hydro-meteorological timeseries data, it has been widely employed in many studies [64–70].
The value of the MK statistic S is

S =
n−1

∑
k=1

n

∑
j=k+1

sgn(Yj −Yk) (3)

sgn(Yj −Yk) =


i f (Yj −Yk) < 0; then −1
i f (Yj −Yk) = 0; then 0
i f (Yj −Yk) > 0; then 1

 (4)
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where n denotes the number of values, the function sgn accepts the values of −1, 0 and
1; if Yj < Yk, Yj = Yk and Yj > Yk, respectively. Yk and Yj are the successive data values of
timeseries throughout time k and j.

Positive values of S indicate an upward trend in the timeseries, whereas negative
values indicate a downward trend. Assuming a sample size of n > 10, the test is conducted
with a normal distribution (σ2 = 1), a mean of 0, [71] and probabilities (E) and variance
(Var), as shown below.

E[S] = 0 (5)

Var(S) =
n(n− 1)(2n + 5)−∑

q
p=1 tp(tp − 1)(2tp + 5)

18
(6)

where q is the number of tied groups, which are observations with the same value but
exclude the positions of unique rank numbers, and tp represents number of values in the
pth group.

However, this summary sequence may be omitted if the data contain no paired groups.
Equation (7) is used to calculate the standardized statistic ZMK value after modifying the
variance Var(S) from Equation (4).

ZMK =


S−1√
VAR(S)

, i f S > 0

0, i f S = 0
S+1√
VAR(S)

, i f S < 0
(7)

To calculate the degree of variation, consistent ZMK values are distributed normally,
with a variance of 1 and a mean of 0. The test statistic ZMK is employed to examine the
(H0) null hypothesis. Data series show significant trends if ZMK is greater than Zα/2. The
computed ZMK value is compared to the normal distribution table using a two-tailed test
with a 10% level of significance. If the computed value of ZMK falls between −Z1-α/2 and
Z1-α/2 in a two-tailed test, the null hypothesis (H0) for no trend is accepted, and H1 is
therefore rejected.

2.3.2. Innovative Trend Analysis Method

The strength of the ITA method over other non-parametric methods has led to its
extensive use in many studies, along with other trend analysis techniques, to examine
changes in climatological, meteorological, and hydrological data across the globe. The
information needs to be separated into two portions of equal size and then put into two
separate ascending-order categories for each half. Figure 2 depicts a Cartesian coordinate
system, with the X-axis used to represent the first half of the data and the Y-axis used
to represent the second. The deviation on each side would be grouped into a number of
clusters. Blue data points gathered in the lower and upper triangular areas of the 1:1 yellow
line, however, show a downward or upward trend, respectively [28].

To estimate the magnitude of the trend in a data series, apply Equation (8) [35]

B =
1
n

n

∑
i=1

10
(
Yj −Yi

)
µ

(8)

In Equation (8), B stands for the trend indicator, n for each subseries’ number of values,
Yi and Yj for the first and second subseries’ respective data points, and for the first subseries
mean. A number for B that is negative or positive denotes a trend in either way.



Sustainability 2023, 15, 9065 7 of 20

Sustainability 2023, 15, x FOR PEER REVIEW 7 of 21 
 

2.3.2. Innovative Trend Analysis Method 
The strength of the ITA method over other non-parametric methods has led to its 

extensive use in many studies, along with other trend analysis techniques, to examine 
changes in climatological, meteorological, and hydrological data across the globe. The in-
formation needs to be separated into two portions of equal size and then put into two 
separate ascending-order categories for each half. Figure 2 depicts a Cartesian coordinate 
system, with the X-axis used to represent the first half of the data and the Y-axis used to 
represent the second. The deviation on each side would be grouped into a number of clus-
ters. Blue data points gathered in the lower and upper triangular areas of the 1:1  yellow 
line, however, show a downward or upward trend, respectively [28]. 

To estimate the magnitude of the trend in a data series, apply Equation (8) [35] 

( )
1

101 n
j i

i

Y Y
B

n μ=

−
= 

 
(8)

In Equation (8), B stands for the trend indicator, n for each subseries’ number of val-
ues, Yi and Yj for the first and second subseries’ respective data points, and for the first 
subseries mean. A number for B that is negative or positive denotes a trend in either way. 

 
Figure 2. The ITA methodology’s representation of areas with an upward, downward, or no trend. 

2.3.3. Şen’s Innovative Trend Analysis Method 
The concept of the Şen, Z. 2017 [29] innovative trend analysis (referred hereafter as 

improved ITA, i.e., IITA) method could be better explained by using the linear trend func-
tion between independent variables (x) and dependent variables (y) as follows: 

y mx c= +  (9)

whereas m and c are the slope and intercept 
For the estimation of slope m, the easiest method is the calculation by using the for-

mula 2 1

2 1

y ym
x x

−=
−

, provided that the dependent and corresponding independent varia-

bles are known. Moreover, the calculation of the slope value and its substation in the above 

Figure 2. The ITA methodology’s representation of areas with an upward, downward, or no trend.

2.3.3. Şen’s Innovative Trend Analysis Method

The concept of the Şen, Z. 2017 [29] innovative trend analysis (referred hereafter
as improved ITA, i.e., IITA) method could be better explained by using the linear trend
function between independent variables (x) and dependent variables (y) as follows:

y = mx + c (9)

whereas m and c are the slope and intercept.
For the estimation of slope m, the easiest method is the calculation by using the formula

m = y2−y1
x2−x1

, provided that the dependent and corresponding independent variables are
known. Moreover, the calculation of the slope value and its substation in the above equation
leaves only one unknown, which can then be calculated by substitution of coordinates in
either one of the given points leading to

c = y1 −mx1, or

c = y2 −mx2
(10)

Given a regular sequence of n independent time variables (x1, x2, . . . , xn) and the
corresponding dependent variable sequence (y1, y2, . . . , yn), the unknown parameters
(m and c) can be determined by either utilizing any two points or by applying a linear
regression methodology.

A similar concept for the estimation of slope m and intercept c was introduced in the
improved innovative trend analysis (IITA) method. In the IITA time series, the dependent
variable (y) was divided in half, with each subseries being sorted separately and in as-
cending order. The X-axis of the Cartesian coordinate system corresponds to the first half
subseries, as well as the second half subseries on the Y-axis (Figure 3).

According to Sen, the dependent variable plotted in half should follow a 1:1 straight
line, which is generally referred to as a data line and indicates no trend, whereas the
deviation from the data line indicates the existence of a trend in a timeseries. Any data
values above the 1:1 straight line indicate an upward trend, while any values below it
indicate a downward trend [28]. The point where the data line, which is dashed in black and
parallel to the 1:1 line, connects is known as the centroid (x, y) and is equal to the arithmetic
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average of two halves. Furthermore, the slope of the current trend in the dependent variable
is the vertical distance between the time series and the 1:1 line [29]. Additionally, based on
the placement of the data points, it provides trend detection in intermediate, high, and low
categories [33]. Hence, the slope can be calculated as:

S =
2(y2 − y1)

n
(11)

where y2 is the second subseries average, y1 is the first subseries average, and n is the
number of values in the time series. If the original observation of a time series was odd, it
was removed to avoid losing the most recent data. S is a trend slope, and a negative value
indicates that it is falling, while a positive number indicates that the time series is rising.

For estimation of the y-axis intercept c, the coordinates of a single point (logically the
arithmetic average of x and y) are substituted in Equation (10)

c = y− 2(y2 − y1)

n
·x (12)

Hence, by using Equations (11) and (12), the final form of Equation (9) can be written
as

y = y− 2(y2 − y1)

n
·x +

2(y2 − y1)

n
·x (13)
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Figure 3. The improved innovative trend analysis (IITA) method is depicted in this image. The data
line is represented by the dashed line, blue dots represents data points and the no-trend (1:1) line is
represented by the solid line. The mean central points of the medium, high, and low categories are
represented by the orange, red, and yellow points, respectively.

3. Results
3.1. Statistical Analysis

The statistical evaluation involved calculating the mean daily streamflow of ten (10)
sites as well as the coefficients of skewness (Cs), kurtosis (Ck), standard deviation (SD),
and coefficient of variation. For the years 1996 to 2018, Table 2 shows these statistical
variables for daily streamflow timeseries data at different hydrological locations. The mean
daily streamflow in the UIRB catchment region varied from 3741.5 m3/s in the southwest
(at 218 m) (Massan) to 1.5 m3/s in the southeast (Chahan) and 453 m in elevation. The
skewness and kurtosis values, as shown in Table 2, varied from 1.466 to 25.406 and 1.285
to 1046.472, respectively. For timeseries with normally distributed data, the coefficients of
kurtosis and skewness must be equivalent to 3 and 0, respectively. Instead of being normally
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distributed, datasets are obviously positively biased. The daily streamflow distribution
based on space for each location was also calculated using the measure of dispersion from
the mean (coefficient of variation). Due to the non-normal scattering of the data, these
statistical parameters demonstrated that parametric approaches would not be used for
trend analysis.

Table 2. The statistical features of the chosen stations are summarized, together with the daily
streamflow average.

Sr. No. Station Latitude
(Degree)

Longitude
(Degree)

Elevation
(m)

Mean
(m3/s) SD Cs Ck Cv

1 Kharmong 35.2 75.9 2474 461.1 482.9 1.487 1.579 1.047
2 Gilgit 35.9 74.3 2126 277.2 287.1 1.489 1.308 1.036
3 Kalam 35.5 72.6 2067 87.0 96.3 2.129 17.424 1.107
4 Chitral 35.9 71.8 1566 276.8 279.5 1.486 1.285 1.010
5 Besham Qila 34.9 72.9 753 2419.8 2672.4 1.466 1.358 1.104
6 Jhansi Post 33.9 71.4 531 5.8 10.0 11.559 312.399 1.714
7 Chahan 33.4 72.9 453 1.5 8.9 25.406 1046.472 5.838
8 Thal 33.4 71.5 427 24.7 25.6 7.284 113.445 1.036
9 Nowshera 34.0 72.0 294 842.9 766.4 1.587 3.592 0.909

10 Massan 33.0 71.7 218 3741.5 3056.2 1.789 4.286 0.817

3.2. Homogeneity Analysis

The homogeneity of daily streamflow timeseries at ten (10) stations was examined
using four homogeneity tests, including the Pettitt’s test (PT), standard normal homo-
geneity test (SNHT), cumulative deviation (CD), and Buishand’s range (BR) tests. The
findings revealed that all timeseries were homogeneous and useful for further analysis
(Table 3). The autocorrelation test at lag-1 was used to evaluate the data dependability
prior to the use of Mann–Kendall (MK), and it was discovered that monthly streamflow
timeseries for all months were serially independent at all stations. After checking the
reliability of the streamflow data, the standardized drought indices (SDI) were calculated
using DrinC software utilizing mean monthly streamflow measurements. Standardized
drought indices (SDI) were employed to record the hydrological conditions at unaltered
and anthropogenically altered stations in the UIRB. The streamflow long-term time series
data serves as the foundation for Standardized drought indices (SDI).

Table 3. Daily streamflow homogeneity test results.

Station
Length
of Data
Years

Pettitt’s
Test
Xk

Cum. Deviation
Test
Q
√

n

BR Test
R
√

n
SNHT

To Results

Kharmong 35 120 1.12 1.58 4.97 Useful
Gilgit 52 300 1.24 1.49 7.86 Useful

Besham Qila 47 110 0.59 0.74 1.58 Useful
Kalam 52 211 0.86 1.09 3.32 Useful
Chitral 52 292 1.23 1.23 7.07 Useful

Jhansi Post 52 308 1.34 1.34 15.86 ** Useful
Nowshera 52 186 0.92 1.26 7.08 Useful

Thal 47 304 ** 1.39 1.72 7.68 Useful
Chahan 52 220 1.24 1.39 9.15 Useful
Massan 44 182 0.97 1.37 3.95 Useful

** significant at the 5% significance level.

3.3. Variations in Monthly Hydrological Drought Indices

Using the ITA, MK, and IITA methods, the variations in monthly hydrological drought
indices at different stations were investigated. Both negative and positive patterns were
found at various stations on a monthly scale. The results of monthly hydrological drought
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index variations by using MK, ITA, and IITA methods are presented in Table 4. In the
months of January through April and November through December, the MK test showed
significant declining trends at Kharmong station, whereas the ITA and IITA tests exhibited
insignificant trends. For the month of June, the ITA method exhibited a significant growing
trend, but insignificant trends were found in the other two tests. Significant growth trends
were detected during the months of Aug and Sep from the ITA test. Significant trends were
detected at 48 timeseries out of 120 timeseries from which 16 displayed significant growth
and the rest showed significant declining trends. A declining trend at most of the stations
was perceived in all three tests. Figures 4–7 display the graphic results of the ITA and IITA
methods for the Kharmong and Massan stations.

Table 4. Results for hydrological drought measures at a monthly scale using the ITA, MK, and IITA
methods.

Month Test Kharmong Gilgit Besham
Qila Kalam Chitral Jhansi

Post Nowshera Thal Chahan Massan

January
B 0.00 0.00 −0.09 0.00 0.30 0.32 0.50 0.00 −0.90 −0.90
Z −2.54 −3.77 1.14 0.00 −1.01 0.94 0.00 2.43 0.55 0.55
S −0.08 −0.14 0.04 0.01 0.01 0.06 0.00 0.15 −0.02 −0.02

February
B −0.18 −0.42 0.02 0.00 −0.42 0.41 −0.09 0.58 0.27 0.27
Z −2.56 0.42 2.63 −1.98 0.42 −0.10 −1.07 1.46 0.55 0.55
S −0.07 0.00 0.08 −0.05 0.00 0.05 −0.02 0.07 0.01 0.01

March
B 0.06 0.00 2.43 0.15 0.00 0.00 0.00 −2.20 0.00 0.00
Z −3.28 1.14 2.02 −1.46 1.14 −0.42 −0.52 −0.26 0.55 0.55
S −0.06 0.02 0.03 −0.07 0.02 0.01 −0.01 −0.02 0.04 0.04

April
B −0.69 −0.69 3.32 5.60 −0.02 0.07 −0.05 −0.75 −0.09 5.60
Z −1.98 −1.98 2.74 −0.94 −2.73 −2.40 1.59 −1.01 0.78 −0.94
S −0.06 −0.06 0.05 0.01 −0.12 −0.16 0.08 −0.03 0.07 0.01

May
B −1.90 −0.02 3.26 −5.81 −0.02 0.02 0.50 −0.06 −0.76 −0.76
Z −1.04 −2.47 3.15 −1.95 −2.47 −3.93 0.00 0.88 0.71 0.71
S −0.03 −0.09 0.06 −0.08 −0.09 −0.18 0.00 0.04 0.01 0.01

June
B 5.56 −0.02 1.52 −0.49 −0.02 0.01 0.36 0.87 −0.10 −0.10
Z −0.29 −2.56 1.46 −1.72 −2.56 −3.99 −0.26 0.26 0.16 0.16
S 0.01 −0.10 0.07 −0.09 −0.10 −0.15 0.02 0.03 0.06 0.06

July
B 0.47 −0.93 −0.95 −4.40 −0.93 −4.40 −0.35 −1.44 0.03 0.03
Z 0.45 −2.17 0.29 −0.03 −2.17 −0.03 −0.13 −0.78 0.55 0.16
S 0.05 −0.05 0.00 −0.03 −0.05 −0.03 0.01 −0.02 0.06 0.06

August
B 2.05 −1.22 0.38 −1.22 −1.22 0.05 −0.34 −1.83 0.10 0.10
Z −0.75 −2.01 −0.26 −2.01 −2.01 −3.15 −0.78 −1.46 −0.19 −0.19
S 0.02 −0.07 −0.03 −0.07 −0.07 −0.15 0.02 −0.04 −0.04 −0.04

September
B 1.76 −0.27 1.76 1.10 −0.27 0.09 0.28 −0.75 −0.06 −0.06
Z 0.13 −1.27 0.13 −1.27 −1.27 −2.30 0.29 −1.52 0.32 0.32
S −0.03 −0.06 −0.03 −0.02 −0.06 −0.11 0.06 −0.05 0.03 0.03

October
B 0.33 −0.19 1.85 −0.68 −0.19 0.09 0.04 −1.43 0.11 0.11
Z −0.78 −0.91 −1.33 −0.42 −0.91 −2.96 0.78 −0.91 −0.29 −0.29
S 0.00 −0.05 −0.04 −0.01 −0.05 −0.12 0.04 0.00 0.04 0.04

November
B −0.02 −1.10 1.16 −0.50 −1.10 −0.50 0.04 −0.96 0.08 0.08
Z −2.53 −0.68 1.10 −0.58 −0.68 −0.58 −0.03 0.75 −0.03 −0.03
S −0.11 −0.02 0.00 −0.01 −0.02 −0.01 0.05 0.05 0.07 0.07

December
B −0.98 2.73 −2.95 −1.56 2.73 −0.06 0.50 −1.07 0.08 −0.06
Z −2.53 −0.68 1.43 −0.23 −0.68 −2.24 0.00 −0.03 −0.03 0.36
S −0.09 0.03 0.01 −0.06 0.03 −0.07 0.00 0.03 0.07 0.03
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Figure 6. Şen’s IITA method results for the Kharmong station are represented graphically over the
UIRB on a monthly scale.



Sustainability 2023, 15, 9065 14 of 20Sustainability 2023, 15, x FOR PEER REVIEW 15 of 21 
 

 
Figure 7. Şen’s IITA method results for the Massan station are represented graphically over the UIRB 
on a monthly scale. 

3.4. Comparison of Trend Results 
By comparing it with MK and ITA findings on a monthly basis, the improved inno-

vative trend analysis (IITA) method’s applicability was examined, and results are pre-
sented in Figure 8 as radar graphs. Significant trends were detected by using the MK and 
ITA methods at 33 and 17 timeseries out of 120, respectively; however, 37 timeseries 
showed significant trends utilizing the IITA approach on a monthly basis. However, in-
significant trends were consistent in all three methods. The IITA technique is a trustwor-
thy and efficient method because it can analyze trends in the medium, high, and low 
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3.4. Comparison of Trend Results

By comparing it with MK and ITA findings on a monthly basis, the improved innova-
tive trend analysis (IITA) method’s applicability was examined, and results are presented
in Figure 8 as radar graphs. Significant trends were detected by using the MK and ITA
methods at 33 and 17 timeseries out of 120, respectively; however, 37 timeseries showed
significant trends utilizing the IITA approach on a monthly basis. However, insignificant
trends were consistent in all three methods. The IITA technique is a trustworthy and
efficient method because it can analyze trends in the medium, high, and low values of
hydrometeorological timeseries from its graphical representation based on the conclusions
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from all three trend analysis techniques being consistent. In comparison to other statistical
techniques such as the MK and SR tests, which have limiting criteria such as serial indepen-
dence of data, normal distribution, and length of timeseries data, the IITA approach has a
more extensive use [35].
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4. Discussion

This study uses the ITA, MK, and IITA methodologies to evaluate the variability
of hydrological drought indices at the monthly scale over the UIRB. In order to meet
the downstream water needs for various uses, such as irrigation, industrial, household,
hydropower, etc., the UIRB water resources, which are susceptible to change due to climate
change, are used [44,56,57]. In order to make better use of the limited water resources
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now accessible and to use them more effectively, an understanding of the variability of
the hydrological drought over the UIRB is crucial. Prior research mainly concentrated on
examining the climatological variables variations over the UIRB [44,50,55]. Furthermore,
no study examined the fluctuations in low, mid, and high streamflow values while utilizing
the IITA approach to account for the hydrological drought variability. As a result, this study
used the IITA method to investigate the hydrological drought variability at a monthly scale
and evaluated the IITA’s dependability by contrasting its findings with those of the ITA
and MK tests.

Over a monthly time scale, several stations displayed a mix of decreasing and increas-
ing trends. Although the remaining months showed insignificant trends, February and
October showed significant decreasing trends at Kharmong Station. Streamflow is increas-
ing at the Kharmong station, supporting the findings of the current study that hydrological
drought decreases at Kharmong station [35,72]. Three (03) stations, i.e., Gilgit, Besham
Qila, Kalam, and Chitral, detected significant decreasing trends in January, whereas Jhansi
Post and Thal stations detected significant increasing trends. At Besham Qila, where the
Indus River is flowing (upstream of Tarbela), it was found to be increasing at a rate of
6%, according to research [73]. The Besham flows from 1969 to 1995 were also examined
by Ashraf et al. [72], who discovered an escalating trend. On the other hand, over the
previous 20 years, Archer and Fowler (2004) [74] observed a pattern of falling Indus River
flows. At four (04) locations, the standardized drought index (SDI) timeseries for the month
of February showed significant decreasing trends. Two (02) sites recorded significant de-
creasing trends in the March SDI timeseries, while one (01) station recorded a significant
increasing trend. At the majority of the locations, there were significant increasing trends
from June to August, which were endorsed by the previous studies [54,72]. Hydrologi-
cal drought timeseries from October to March showed substantial lowering trends on a
monthly scale, which is similar to the findings of earlier research that found clear patterns
towards increasing streamflow from October to March [54,73]. However, hydrological
drought timeseries from April to September exhibited significant increasing trends, and
these results were also found to be consistent with preceding research [54,72,75]. These
rising trends in the timeseries of the hydrological drought suggest a shift in the trend of the
highest hydrological drought from these months to other months.

By comparing it with MK and ITA findings on a monthly basis, the improved innova-
tive trend analysis (IITA) method’s applicability was examined. Significant trends were
detected by using the MK and ITA methods at 33 and 17 timeseries out of 120 timeseries,
respectively; however, 37 timeseries showed significant trends utilizing the IITA approach
on a monthly basis, which showed that the IITA method has the capability to identify the
hidden trends present in the timeseries. However, insignificant trends were consistent in
all three methods. The IITA technique is a trustworthy and efficient method because it can
analyze trends in the medium, high, and low values of hydrometeorological timeseries
from its graphical representation based on the conclusions from all three trend analysis
techniques being consistent.

5. Conclusions

This study examined hydrological drought variability over the UIRB by using MK,
ITA, and IITA methodologies at a monthly time scale. By contrasting the IITA method’s
outcomes with those of the MK and ITA techniques, the method’s applicability was assessed.
A total of 120 timeseries were examined on a monthly basis, and utilizing the MK, ITA, and
IITA methodologies, respectively, 14.7%, 27.5%, and 30.83% of those timeseries showed
significant patterns, demonstrating a general consensus across the board and across all tests
with significant patterns. In the high-altitude portions of the UIRB (>2000 m), significant
declining trends were seen during the months of June, July, and August, whereas significant
increasing trends were observed in the low altitude reaches (500 m). From this study, the
following are the key conclusions:
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1. From October to March, hydrological drought timeseries at the monthly scale exhib-
ited significant downward trends;

2. Hydrological drought timeseries from April to September exhibited significant in-
creasing trends;

3. The lower Indus plains’ access to water resources, where the majority of the com-
munity depends on agriculture, is consistently negatively impacted by hydrological
droughts;

4. IITA is a trustworthy and effective method because the results in all three methods
were consistent, and it has the advantage of allowing researchers to examine patterns
in the low, medium, and high values of hydrometeorological timeseries from its
graphical representation over the other methods.

The findings of this research can help manage agricultural and water resources, safe-
guard the environment, foster social development, forecast future climate in the study area,
and plan for future water resources. This study’s trend analysis was based on instrumental
data collected over the preceding 20 years. It would be fascinating to find out if such
a pattern exists outside of the range of variability recorded in the geologic record. This
challenging topic requires extensive additional research, which is beyond the purview of
this investigation. The scope of the current study was restricted to hydrological drought
variability for the time period just up to 2018, but results were nevertheless interpreted in
light of recent changes in temperature, precipitation, and snow cover in the Indus, Jhelum,
and Kabul River basins of the Upper Indus River Basin (UIRB). A degree-day or energy-
based model can be used to extend the temporal range and link the effects of hydrological
droughts to temperature, precipitation, and snow cover on a sub-basin scale. Additionally,
the hydrological drought index (SDI)’s relationship with other drought indices such as the
standardized precipitation index (SPI) and standardized precipitation evapotranspiration
index (SPEI) would be evaluated to determine the duration, severity, and frequency of
the drought.
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