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Abstract

Drought assessment is crucial for effective water resources management in a river basin. fbequghty has
increased worldwide in recent years due to global warming. In this paper, an attempt is made to assess the meteorological
drought in the Punpun river basin, India using two globally accepted drought indices namediardized Precipitation

Index (SPI) and Standardized Precipitation Evapotranspiration Index (SPEISPI and SPEI at, 13-, 6-, 9, and 12

month timescale were obtained to analyze the temporal variability of different drought levels. Correlation analysis of
available observedata and gridded data has been carried out and the correlation coefficient was found to be 0.956.
Hence gridded rainfall data from the year 1991 to 2020 is used for further analysis. Potential evapotranspiration (PET)
used in the calculation of SPEI wasngputed by the Thornthwaite method. Water deficit was observed throughout as
there is a decrease in rainfall and an increase in PET during the selectedTpericebults show that the period 2004 to

2006 and 2009 to 2010 years are observed as droughdpéry both indices for almost all timescale. The intensity and
duration of drought have increased after 2004. A negative trend of both the indices have been observed in all seasons on
all timescale, which clearly shows a transition from near normal terately dry during the selected time peridde

highest correlation between both the indices is for then@@th scale witlR? value 0.92 and the RMSE value 0.Z8e

main outcome of this study is that both SPI and SPEI show a strong correlation otinsarseales adopted in this
study.The dependency of SPEI on temperature is also observed in this study

Keywords Standardized Precipitation Index; Standardized Precipitation Evapotranspiration Index; Thornihethibel; Potential
Evapotranspiration

1. Introduction

Drought has been one of humanity's major natural disasters that has an impact on agricultural productivity as well
as on socieeconomic development. Drought occurrences have become more frequent and intense over time as the
global climate hagontinued to warm. Drought is stated dgist if lack of water persists for longer period and its
physical effect ends as the moisture/water deficiency is met. Even though the phenomenon has been explored on a
global scale, its regional or even local disiem has often been ignored. Drought evaluation at the local level is
required for establishing adaptation and mitigation strategies for that region. Based on the variable used to describe
drought, it is divided into five categories: meteorological droubitirological drought, agricultural drought, socio
economic drought, and groundwater drought [1]. When a meteorological drought hits a region, it is preceded by an
agricultural and hydrological drought. This study is focused on the meteorological dnhitht,is caused by a lack
of net precipitation over the basin and is affected by climate variables. The Standardized Precipitation Index (SPI) and
the Standardized Precipitation Evapotranspiration Index (SPEI) are suggested by the World Meteorological
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Organization (WMO) as basic indicators for evaluating drought intensity, duration, and spatial extent. In recent
decades, the SPI index proposed by McKee et al., [2] in 1993 and the SPEI developed bySérantz et al., [3] in

2010 has served as the foatidn for drought monitoring. The SPI index is a useful tool for detecting and mapping
droughts, and ArcGIS enhances the results visualization [4]. SPI is probabilistic in nature, which gives it an edge over
other drought indicators in terms of risk anaid®n analysis. [5].

The SPI and SPEI methodologies were compared [6] and found that the SPEI method was more accurate.
Harisuseno [7] found the SPI method is more suited and trustworthy for assessing drought features, which exhibits a
moderately high aoelation coefficient when compared to the Percent of Normal (PN) method. Surface
evapotranspiration along with precipitation are the input parameters for SPEI, while precipitation is used for SPI
calculation [8]. Potential evapotranspiration (PET) iséasing due to the rise in surface temperature, which results in
water scarcity in the basin [9BPPEI was more sensitive to drought assessment than SPI on the temporal scale as the
conditional probability of SPEI is higher than SPI [10]. SPEI and SPI melymwused in current research and can be
used together to analyze drought characteristics. Some of the main drought characteristics, such as intensity, duration,
and severity has been used to analyze drought event [11]. SPI has been used to detemghinbydtioe analysis of
two drought characteristics i.e., duration and severity [12]. Drought assessment, monitoring, and the prediction had
been done using amonth timescale SPI [13]. SPI at a-@nth timescale is used to assess the special and temporal
characteristics of meteorological drought [14].

The Punpun basin is surrounded by Chotanagpur hill on the southern side and by Sone, G#igaHandhar
Falguriver system on the other three sides. Rainfall is the only source of contribution tonfibe PunpurRiver.
During the monsoon, the Punpun River contributes a large amount of water to the Ganga, but it rerfainssd yf
the year[15]. An increase in dry events and a decrease in both wet and normal events results in frequent drought
occurence with negative SPI values [16]. Different drought indices have been used to characterize and understand the
pattern of rainfall change and drought conditions [17]. Prediction of precipitation using statistical downscaling was
found to be decreasing§]. Changes in land use (LU) can have a significant impact on water resource3rfl@jht
events can be directly linked to a decrease in vegetation cover [20]. Climate change, combined with climatic
variability, has a significant negative impact on wagapplies as well as agriculture in countries that depends on
agriculture [21].Losses due to evapotranspiration in Punpun basin was higher during 1980 to 1990 may be results of
change in basin characteristic [22]. Climatduced water deficit is estinet to rise in the future and climate is
expected to becomdrier [23]. PET's increasing trend is a sign of rising temperature, which could be related to the
effects of global warming [24]Drought analysis in the Punpun basin has never been the subgesebus scientific
study. In addition, nothing is known about the features of drought in the basin. Therefore, the objective of this study is
to evaluate the drought situation in the Punpun River Basin, India using SPI and SPEI. Further, the temporal
chaacteristics of the drought are also investigated.

2. Materials
2.1 Study Area

The Punpun river basin is located in the south of the GRing, between latitudes of 24° 11' to 25° 25' N and
longitudes of 84° 9' to 85° 20' E (Figure 1). It is bounded by the Rarer on its west and the KitHaroharFalgu
river system on the east. The PunRiver is mostly a rairfed river that originates from the Chhotanagpur hills of the
Palamu district in Jharkhand. It covers a total of 232 km to join the GRivga as theright bank tributary near
Fatuha, 25 km downstream of Patna. In this study, the Punpun river basin has been selected with a basin area of 8530
km?. The average annual rainfall in the Punpun river basin during the2l83lyears is 960.8 mrfributaries ofthe
PunpunRiver are Batane, Adri, Madar, Kalan, Mohrar, and Dardha, which contribute only during moisoorg
monsoon, when the Punpun river contributes a large amount of water to the Ganga, parts of the basin become flooded,
and during the low flowseason, it remains dry [15]. Both of these factors have the potential to accentuate water
management issues in watershed areas.

2.2 Data Collection

The monthly precipitation (observeftpm 1990 to 2010 has been collected from Indian Metrological Department
(IMD) Pune for rairgauge stationPatna, Jahanabad, Goh, Gurua, and Nabindjasing data have been computed
by averaging data from the nearby statidrse average rainfall depth on the entire catchment is computed using the
Thiessen polygon method. Darainfall gridded data of 30 years i.e., from 1991 to 2020 have been obtained from
IMD website (https://www.imdpune.gov.in/Clim_Pred_LRF_New/Grided_Data_Download.Hf8] over ten grid
points of grid size 0.25°x0.25°. Daily maximum Temperatl]F,an and minimum temperaturél',(ﬂn) gridded data
was also obtained for the duration 1991 to 2015 from the IMD wefisitps://www.imdpune.gov.in/Clim_Pred
_LRF_New/Grided_Data_Download.hinji26], and hence, the monthly average and the annual average temperature
have been calculated. Whartontinuous observed data collection is not available, gridded data can be used for hydro
meteorological and climatic studies [27].
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Figure. 1. Location of the Punpun river basin

3. ResearchMethodology
3.1 Standardized Precipitation Index (SPI)

The Standardized Precipitation Index (SPI) was proposed by Mckee et al., [2] in 1993. It is one of the indices used
and recommended by the World Meteorological Organization (WMO) to indicate the amount of precipitation over a
specific time period. The S calculated as follows:

Assume X is the amount of precipitation in a particular duration, then probability density functiaistfbution
is given by:

():ﬁ 1T >0 1)

where o and p ashapeancsealep ar ameters of
The gamma function is expressed as:

Mo =f; - v

The optimal valwues of ao and f 1s estimated as:

:4i(1+w/1+4?) ®)
= - (4)
=1 @-= ®)

where n denotes the number of different precipitation series.

The following equation can be used to compute the cumulative probability for a given month:

()=, ()

—(2+10
[( 3+ 2)+ 1] +10

1

= —Twlo o (6)

()

2132



Civil Engineering Journal Vol. 7, No. 12 December2@1

1

=V 5
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where G(x) > 0.5, < g =2515% p=i0.8028,% ¥ 0.02030 , =51,4323, , =0.1892, ,
= 0.0013.

3.2 StandardizedPrecipitation and Evapotranspiration Index (SPEI)

The Standardized Precipitation and Evapotranspiration Index (SPEI) was sudgeMeente Serrano et al. in

2010 on the basis of the SPI. It quantifies both precipitation and potential evapotransforatienanalysis of the
drought process hornthwaite method was followed for calculation of PET which is described as [3]:

=16 (29 ©)

where, T represents monthiyean temperature (°C), and heat indgxg computed athe summation of 12 monthly

heat index values, obtained from mean monthly temperature using [3]:
1514
= (9 (10)

where m is a deduced coefficient which depends @m= 6.75<107 I3-7.71x10° 12+1.79x107? 1+0.492);, and K is a
coeffident of correction which is dependent on the latitude and month,

= (9) (59 (12)
where NDM is the total number of days in the given month. The maximum number of sun hours (N), computed as [3]:
=4 (12)
where () the hourly angle of the sun rising, given as:
—arcloan an (13)
where, ¢ represents the latitude in radians, and

=040 %3 (h-- 14 0)5 (14)

where J is the particular month's average Julian day [3].
The climatewater balance was calculated as follows:
= - (15)

where is the month moisture deficit (mm), is the  month precipitation (mm), and is the month
potential evapotranspiration (mm)

The value of were aggregated on different time scales:
=Y5( - - =)z, (16)

where k is the monthly timescad@d n is the number of calculations.

In the context of SPEI, a thrggarameter probability distribution is utilized and the D series is standardized using a

log-logistic distribution f(x) [3]:
2

()=-() [+ ] 17)

where, a, B and vy represent the scale, shape, and

Therefore, for a given time scale, the cumulative distribution function was determined as:
1

()=[1+(—) ] (23)

SPEI has been calculated as follows:
2

- _ ot 1 *+2 (24)

1+ ¢ + 5 24 5 3
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Where, =V-21 n foPR< 0. 5 =vra@l (L- P) for P> 0.5, o= 2.5155, ; = 0.8028, , = 0.0203, ;=
1.4327, , = 0.1892, ; = 0.0013.

The sum of all negative SPEI valugsows the severity of the drought, while the minimum SPEI value denotes the
peak intensity of the drought, and the sum of consecutive months with negative SPEIs represents the drought's
duration [28] Table 1 shows the classification of drought severityedaon SPI values. A negative SPI number
indicates a dry situation, while a positive value indicates a moist condition. The drought severity classification for
SPEIl is similar to SPI shown in Table 1.

Table 1 Drought classification based on SPI [2]

Class SPI
Extremely wet >2
Very wet 1.5t01.99
Moderately wet 1.0to 1.49
Near normal -0.99 to 0.99
Moderately dry -1t0-1.49
Very dry -1.5t0-1.99
Extremely dry <2

The SPI and SPEI are muticale drought indices that have been widely used. Irsthity, 1, 3-, 6-, 9, and 12
month timescales SPI and SPEI we sstatisticabsoftware [29H The flowchagt t h e
of the methodology is presented in figure 2.

[ Monthly Mean Temperature ]

Y

[ Thomthwaite Method ]

Y

[ Monthly Rainfall ]7 [ PET Estimation ]

¥ h

[ SPI Calculation ] 4)[ SPEI Calculation ]
—»[ Drought Assessment ]47

Figure 2. The flowchart of the methodology

4. Results and Discussin
4.1 Annual Rainfall

Monthly rainfall data averaged over the Punpun river basin has been calculated from daily rainfall data obtained
from the Indian Meteorological Department (IMD) website over ten grid points of grid size 0.25°x0.25°. Figure 3
shows the correlation betweeronthly observed rainfall and monthly gridded rainfall data of the Punpun river basin.
Since the correlation between observed and gridded data is 0.956, hence gridded data is used in the present study.

2134



Civil Engineering Journal Vol. 7, No. 12 December2@1

700 1

= Observed Rainfall
600 -

== =-Gridded Rainfall

500 -

400

300

Rainfall (in mm)

200 -

100 -

Figure 3. Comparison between observed and griddecinfall data

4.2 Annual Temperature

Figure 4 shows the annual mean temperature variation averaged over the Punpun river basin. It is observed that the
annual mean temperature over the Punpun river basin is increasing during the period from 1991 to 20th® Also,
maximum value of annual mean temperature observed in 2010 was 26.2 °C.
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Figure 4. Variation of annual average temperature over the basin (1992015)

4.3. Annual Water Deficit

The annual water deficit was computed using climate water balance and is shdvigure 5. Potential
evapotranspiration (PET) was calculated using the Thornthwaite method. The value of annual PET was observed to be
greater than annual rainfall from the year 1992 to 2015. Therefore, there was a deficit of water throughout the
observe duration. Also, in Figure 5, the variation afinual rainfall ancinnual PET for the duration 1991 to 2015 is
shown.
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Figure 5. Annual variation of rainfall, PET, and annual water deficit (19912015)

4.4. Monthly Variation of SPI

Figure 6 presentthe temporal variation of monthly SPI for timescale, &, 6-, 9 and 12month), which have
been computed using 30 years (1991 to 2020) rainfall data. The monthly variation of the SPI was visible at various
timescales, indicating a distinct change in ding and wet degrees of each month in the study area, particularly after
2004, when the dry degree of some months expanded considerably. Extreme drought has been observed during the
years 1995, 1999, 2006, 2007, 2008, 2013, 2014, 2016, and 2018 hammdhlSPI less thaf2.0. Extreme drought
occurs in 2008 and 2010 according t9 @ and 9month SPI with intensity less thaR.0. The maximum duration of
drought events occurs from 2017 to 2020 with an intensit.&fin 2018 on a-®nonth timescale. Fahe 12month
timescale, SPI, the maximum duration of drought event occurs during 2017 to 2020 with an intetsiy of 2020
which shows extreme drought during this duration.
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Figure 6. Temporal variation of SPI in thePunpun river basin for (a) 1-month, (b) 3-month, (¢c) 6month, (d) 3month, and
(e) 12 month timescale

4.5 Monthly Variation of SPEI

The temporal variation of monthly SPEI for different timescale 3, 6-, 9- and 12month) have been computed
using 25 yearg1991 to 2015) raiafll and temperature data andpesented in Figure 7. Almost in all timescale,
20092010 has SPEI less thaa 0 which suggests that this duration is an extreme drought period-fbath SPEI
data shows that 2006, 2009, and 2010ehdeme drought with intensit2.08,-2.35, and-2.62 respectively. Extreme
drought occurs in 2009 and 2010 according-#n8 6month SPEI with intensity less tha.0. The 9month SPEI
also shows the extreme drought in the year 2009. There is no exdrenght event observed for the-tdnth SPEI
but the negative value of the index shows moderate and severe drought. The 2009 to 2010 years are observed as
drought periods for almost diime series calculated. Years 2004 to 2006 has also been obsenredigis duration
but it is not as severe as 2009 to 2010 duration drought. The intensity and duration of drought have increased after
2004.
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Figure 7. Temporal variation of SPEI in the Punpun river basin for (a) month, (b) 3-month, (c) 6 month, (d) 9month, and
(e) 12 month timescale

4.6. Correlation Analysis of SPI and SPEI

Correlation analysis is a method used to determine the direction and strength of the relationship between the two
variables. Since drought indices are basadstandardization, Pearson correlation analysis was used for correlation
analysis in this study. Table 2 presents the Pearson correlation matrix of drought indices. Correlation coefficient
values greater than or equal to 0.8 are chosen as critical wadiisting a strong positive relationship.

Table 2 Pearson correlation coefficient matrix of SPI and SPEI of different timescale

INDEX SPI.1 SPI.3 SPIL6 SPIL9 SPI 12 SPEI1 SPEI3 SPEL6 SPEL9 SPEI 12

SPI_1 1 0.62 0.43 0.29 0.28 0.82 0.53 0.40 0.26 0.27
SPI_3 1 0.71 0.53 0.47 0.59 0.89 0.67 0.50 0.45
SPI6 1 0.80 0.69 0.45 0.70 0.92 0.76 0.66
SPI9 1 0.86 0.32 0.53 0.76 0.95 0.83
SPI_12 1 0.31 0.50 0.69 0.85 0.96
SPEI_1 1 0.64 0.50 0.33 0.32
SPE| 3 1 0.77 0.56 0.53
SPEI 6 1 0.81 0.72
SPEI 9 1 0.88
SPE|_12 1

When the correlation matrix is examined, the strongest relationship was observed among the indices in the same
timescale. The strongest correlation coefficient (0.96) was observed beBReeh? and SPEI_12 and the lowest
correlation coefficient (0.26) was between SPI_1 and SPEI_9.

4.7. Linear Regression Analysis

Regression analysis has been used in this study to compare drought indices of different timescale having
correlation coefficient valugreater than or equal to 0.8. For the comparison of drought indices, scatter diagram
(Figure. 8) has been drawn and statistically evaluated by using the coefficient of determination (R2) and the root mean
square error (RMSE).
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Figure 8. Scatter diagrams of drought indices: (a) SPI_1 AND SPEI_1, (b) SPI_3 and SPEI_3, (c) SPI_6 and SPI_9, (d)
SPI_6 and SPEI_6, (e) SPI_9 and SPI_12, (f) SPI_9 and SPEI_9, (g) SPI_9 and SPEI_12, (h) SPI_12 and SPEI_9, (i) SPI_12
and SPEI_12, (j) SPEI_6 andSPEI_9, (k) SPEI_9 and SPEI_12

When the diagrams are examined, strongest fit has been shown by values of SPI_12 and SPEI_12 (Figure 8. i).
Also, the results of statistical indicators shows that the value of SPI gives close result with SPEI in theesaraketim
Greatest value of R2 is 0.92 and lowest value RMSE is 0.28 for SP1_12 and SPEI_12 scatter diagram, which indicated
that the indices give close results.

4.8 Comparison of SPI_12 and SPEI_12

It has been seen that there is good relationship betweean8F3PEI. Table 2 suggest, there is strong correlation
between SPI_12 and SPEI_12. Both the indices have correlation coefficient of 0.96 and shows similar pattern of
drought occurrence. These index values have been compared for the duration 1991 tal 20&8eated in Figure 9.

Both the drought indices suggest drought event occur during 2008 and 2009 and 2010.
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Figure 9. Comparison plot between SPI and SPEI

4.9, Variation of SPEI_12 with Temperature

Figure 10 displays the variation of SPEI_12 wimperature. It is observed that when the temperature is rising,
index value decreases. Negative index value shows significant drought. It is also observed that in 2010, when the
annual mean temperature is maximum the value of SPEI is minimum in the exbghmation. This shows that
temperature is one of the critical variables along with rainfall in the analysis of drought.
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Figure 10. Variation of SPEI_12 with Temperature (19932015)

4.10 Analysis of Seasonal Drought

In this study, winter (December teebruary), pranonsoon (March to May), monsoon (June to September), and
postmonsoon (October to November) are considereth@gour seasons [30]. Figuré& and12 show the seasonal
variation of SPI_12 and SPEI_12 in the Punpun river basin. Valuestothmindices shows negative trend in all the
seasons for Etnonths timescale. This implies that the probability of drought occurrence is increasing. Both SPI and
SPEI show only moderate and severe drought during monsoon anchg@uston season and the asional bout of
the extreme drought event.
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Figure 11. Seasonal Variation of SPI_12 in Punpun river basin (a) Winter, (b) Pranonsoon, (c) Monsoon, and (d) Poshonsoon
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Figure 12. Seasonal variation of SPEI_12 in Punpun river basin (a)inter, (b) Pre- monsoon, (c) Monsoon, and (d) Poshonsoon
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4.11 Performance ofDrought Indices with Respectto Historic Drought

According to International Food Policy Research Institute (IFPRI discussion paper 013898, December 2014),
Bihar was not the only g affected by drought in 2009, it was one of the worst droughts India has seen in more than
100 years. All the districts of the study area were facing shortage of water and declared drought affected area by the
state government. Drought led recession dnicalltural economy has been reported by' 86und of consumption
survey by National Sample Survey Office (NSSO). It is also evident from the Figutkat2irought has occurred
during 20042005 and 2002010. Both the drought indices, (i.e., SPI and SPEI) is indicating occurrence of drought
on alltimescale in the present study.

Meteorological drought becomes critical if it persists for longer duration. In this stu8y, &, 9, and 12month
scale indices has been used for drought analysis. Shorter timescale indices talk about the metecooidigica
where as higher timescale can be used for the water availability for the crops having crop period mo# than 3
months. If drought situation continues for longer period, it will affect the agricultural economy and consequently
sociceconomic dought will occur. Gridded data has been used for the analysis in this paper, since available observed
data was not uniformly available in the study area. Policies maker may use the results of this study to counter water
scarcity related issues in futuredapetter measures can be adopted for reducing the effects of drought.

5. Conclusion

In any river basin, drought assessment using a suitable drought index is vital for effective water resources
management. In this study, the drought situation has been edhlsitey two globally accepted drought indices
namely SPI and SPEI at different timescales. The performance of both indices at different timescale has been
examined with an aim of identifying a suitable drought index for the Punpun river basin. Basedeasultiseof this
study, it can be concluded that the Water deficit is constantly increasing over the study duration, as a result of
decreasing rainfall and increasing PET trend in the basin. Both the drought indices indicated drought conditions from
2008to 2010 for all timescale used in the study. The correlation matrix, &,16-, 9-, and 12month scale indices of
SPI and SPEI indicates that both the indices show a strong relationship for the same timescale. Also, there was the
highest correlation cdécient R2 is 0.92 and the lowest value of RMSE is 0.28. The observation of SPI and SPEI
indicated drought period during 2009 to 2010 for almost all timescale. The period 2004 to 2006 has also been
observed as drought period but it is not as severe & 202010 duration drought. The intensity and duration of
drought have also increased after 2004. A negative trend of both the indices have been observed in all seasons on all
timescale.The 12-month scale indices perform better in detecting historic dvioufhe dependency of SPEI on
temperature is also clearly observed in this study. Hence, SPEI amartR scale is recommended for drought
monitoring in the study area. This analysis may be used for effective planning and water management practices.
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