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Abstract. Drought is one of the most complex and threatening disasters, defined as a period of
drier-than-normal conditions which results in water-related problems. In addition to climate
variation, human activities can cause or intensify drought through groundwater overextraction,
unsupervised expansion of agricultural lands, etc. One prime example of such drought has been
observed in the Zayandehrud River basin in central Iran. We investigate the long-term (1986 to
2019) drought of the Zayandehrud River basin using meteorological, hydrological, and agricul-
tural drought indices. The main focus of this research is to explore the impact of the irrigated area
expansion in the upstream sub-basins on the agricultural drought of the downstream. To this end,
different drought indices are employed over the whole basin and its sub-basins. The results indi-
cate that the long-term precipitation index and snow reserves do not show a long-term trend
during the study period, while the combined precipitation—evapotranspiration index and ground-
water storage decline. The research concludes that the expansion of the agricultural lands in the
river upstream, rising air temperature, and increasing population and industrial activities in the
basin are most likely the driving forces to intensify the agricultural drought in the midstream and
downstream parts of the basin. © 2022 Society of Photo-Optical Instrumentation Engineers (SPIE)
[DOI: 10.1117/1.JRS.16.014504]
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1 Introduction

Drought is considered as one of the most complex and threatening natural climate- and/or
human-induced hazards; however, sufficient knowledge about this phenomenon has not been
achieved yet."> Despite having no universal and unique definition, drought can be approximately
defined as a shortage of water compared with normal conditions.** Droughts are classified into
one of four types: meteorological drought (deficit of precipitation), hydrological drought (deficit
of surface and groundwater storage), agricultural drought (deficit of root zone soil moisture or
available water for plant growth), and socioeconomic drought (deficit of water for social or eco-
nomic activities).>® The first three drought types represent the natural and environmental effects,
whereas the fourth one shows the impact on human population and society.”® As already pointed
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out by Wilhite and Glantz,” these four types of drought are not independent, but they represent
different methods for identification and measurement of drought.

Frequent drought events have significant impact on the hydrological cycle, ecological bal-
ance of ecosystems, vegetation cover, and agriculture. That is the case, in particular, with the
recent severe drought events around the globe. As a result, the global attention to this issue has
increased,”'® and therefore, numerous studies have been conducted in this field.!'"'® Because
drought has a direct impact on agriculture and crop yields, especially in arid and semiarid
regions, it is necessary to study this phenomenon in more detail. Although many recent drought
events are caused by climate change, in many parts of the world human activities such as over-
extraction of groundwater and unsupervised expansion of agricultural lands have intensified the
problem.'”" This kind of drought, mainly caused or intensified by human activities, is called
“water bankruptcy” in the literature.”’ Prime examples of such droughts have been observed in
arid and semiarid regions of the world, such as in the Middle East.>'?® Two other examples are
Refs. 29 and 30, which studied the human activities and the impact of meteorological condition
on the Lake Urmia water level. In the latter work, the authors show the impact of the Urmia Lake
Restoration Program, established in 2013, on the positive trend of the lake water level, water
area, and water volume from 2015 to 2019, indicating a short-lived stabilization of Lake Urmia.
In Ref. 31, the authors discuss the key gaps in our understanding of human influences on drought
and potential feedbacks between drought and society where we need to acknowledge that human
influence is as integral to drought as natural climate variability. The other work in Ref. 32 looks
into drought definitions in which there is a need to revisit the definitions to explicitly include
human processes as drivers. The research discusses that our understanding and analysis of
drought need to move from single driver to multiple drivers and from unidirectional to multi-
directional. The framework particularly provides a holistic view on drought in the Anthropocene,
which can help us to improve management strategies for mitigating the severity and reducing the
impacts of droughts in future. Reference 33 also presents an observation-based approach, the
upstream—downstream comparison, to quantify changes in hydrological drought downstream of
a human activity, as example in a basin in northern Chile. A sensitivity analysis of this research
study is performed to assess how different choices of drought analysis threshold can affect the
results and interpretation. In particular, the upstream—downstream comparison of the work
includes the application of the upstream station threshold rather than the human-influenced
downstream station.

In this study, we intend to accurately model long-term drought dynamics in the Zayandehrud
River basin, located in central Iran, which has been significantly affected by drought over
the two last decades. Tavazohi and Nadoushan® assessed the drought that occurred in the
Zayandehrud River basin from 2000 to 2015 using the standardized precipitation index
(SPI) and the normalized difference drought index (NDDI), as a combination of the normalized
difference vegetation index (NDVI) and the normalized difference water index (NDWI). SPI
assessment of their work implied that the condition in the basin was near normal or moderately
dry, whereas NDDI showed an ascending trend during 2000 to 2015, i.e., significant drought
condition. Safavi et al.** studied Zayandehrud River basin drought during 1983 to 2014. In their
work, they made use of univariate drought indices including the standardized precipitation
evapotranspiration index (SPEI), the standardized streamflow index, the standardized ground-
water reservoir index, and the available water index as well as a multivariate drought index,
namely, the hybrid drought index (HDI), which is based on states of climatic water balance and
the available water. Moreover, they used a nonparametric approach presented by Farahmand and
AghaKouchak,* in which univariate and multivariate drought indices have been calculated. The
employment of the nonparametric approach was justified by coping with the challenges asso-
ciated with parametric indices such as their sensitivity to the choice of parametric distribution
functions. Through detecting drought onset, drought termination, and duration, their results con-
cluded that their multivariate drought index HDI is preferable when compared with other uni-
variate drought indices. Arast et al.*” used the gravity recovery and climate experiment (GRACE)
data and groundwater information from piezometric wells to estimate the monthly groundwater
level changes in the Zayandehrud River basin during 2002 to 2018. The outputs of their work
showed that underground water storage in the study time period is associated with the region
rainfall; however, the water table storage does not respond to rainfall quickly. In fact, the
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response has been incremental over the time period in which the drought events occurred in the
river basin.

Abou Zaki et al.* investigated the impact of irrigation and drought on Zayandehrud River,
groundwater, and the Gavkhuni Wetland (located at the end of the Zayandehrud River basin)
using groundwater data from piezometric wells, GRACE data, and the drought indices including
SPI, the streamflow drought index, and NDWI. Their results indicated that in more than half of
the years of the period 1963 to 2012, the climate conditions are considered wet with respect to
SPI while hydrological drought was recorded in most of the years in the Zayandehrud River flow.
They also demonstrated the reconnection between surface water resources management and
groundwater and showed that there is a direct relationship between the frequent occurrence of
hydrological drought and human activities in the river basin.

According to the official reports, the area of irrigated agricultural fields in the Zayandehrud
River basin has been doubled in the last 50 years which had led to environmental changes in the
area.’® Although some researches have been conducted on the drought of the basin, they have
usually focused on the impacts of meteorological and hydrological parameters and the ground-
water overextraction on the drought.**3373¥ Those studies have mainly neglected the effect of
irrigated area expansion in some sub-basins of the river basin on the drought occurred in the
other parts of the basin.

Our research study tries to investigate the drought condition of the Zayandehrud River basin,
in particular the impact of agricultural expansion in the upstream on the drought condition of the
midstream and downstream of the basin. The research consists of the following sections: First,
we introduce the study area and the datasets of our research work. Those datasets include
reanalysis data and models, in addition to satellite observations. In the next section, we discuss
the methodologies employed for extraction of drought indices from the datasets as well as meth-
ods for long-term trend analysis. The indices of this study are categorized in three groups:
(i) meteorological drought indices including the SPI, the SPEI, and the standardized temperature
index (STI), (ii) hydrological drought indices, including the snow water equivalent index
(SWEI), the NDWI, and the GRACE drought severity index (GRACE-DSI), and (iii) an agri-
cultural drought index, here, the vegetation condition index (VCI). The results section of this
paper covers trend analysis of the aforementioned indices in the whole river basin as well as three
selected sub-basins in the river basin. Those sub-basins are in the upstream, midstream, and
downstream of the river basin, respectively. There, the trend behavior of the indices in each
study region are cross-compared. In fact, the main focus of this study, presented in the results
section, would be to investigate the effect of land cover changes, in particular through the irri-
gated area expansion, in the upstream sub-basins on the drought of the downstream sub-basins.
Finally, we conclude our research through summarizing and discussing the results.

2 Study Area and Datasets

2.1 Study Area

The Zayandehrud River basin with an arid climate, located in central Iran, is selected as the study
area of this research work. The basin covers an area of 41, 524 km? and its elevation range varies
from 1470 to 3974 m above the sea level; the annual precipitation of the basin varies in the range
of 50 to 1500 mm where its annual average is about 130 mm.***° The basin has been divided to
21 sub-basins by Isfahan Regional Water Board Organization (the authority for water allocation
in the basin) (Fig. 1). The Zayandehrud River, as the largest river in central Iran, provides water
for local irrigation, industries, municipal, supply, and animal farming.*' The river has a length of
405 km, originating from Zagros mountains in the southwest of the country and ending in the
Gavkhuni Wetland, although only a small amount of its water flow to the wetland.***’

Due to many factors, such as the existence of deep and fertile soils and development of
agricultural fields along Zayandehrud River, agriculture is the main water use in the basin.
However, since the precipitation in the central and eastern parts of the basin is low, irrigation
is very important for farming and uses 90% of the total consumed water even though only about
7% of the basin is covered by agricultural lands.***> About 2600 km? of the basin is covered
by agricultural irrigated fields which is mostly used for cultivating wheat, barely, silage plants,
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Fig. 1 Map of the Zayandehrud River basin as the study area. This map also shows the position of
Zayandehrud River, Zayandehrud dam and lake, Isfahan City, and Gavkhuni Wetland.

potatoes, cotton, and paddy orchards.* The most important hydrological structure in the basin is
Zayandehrud dam, which has a capacity of 15 x 109 m*and was built in 1972. Moreover, three
main transbasin diversion tunnels have been constructed in 1952, 1985, and 2004, transferring
about 660 Mm?® water annually to the basin.”>*®* On the other hand, since 2002, outgoing
transbasin water diversion projects for taking water from the Zayandehrud River to cities in the
central desert of Iran such as Yazd, Kashan, etc., annually provide about 257 Mm? water to these
regions.”>*

2.2 Datasets

2.2.1 Precipitation (P)

In this study, we make use of the monthly mean of total precipitation ERAS5-Land dataset for
evaluating meteorological drought. ERAS is the atmospheric reanalysis dataset for the global
climate produced by the European Centre for Medium-Range Weather Forecasts while
ERAS5-Land is a component of ERAS which includes its land variables. Compared with the
previous products, the ERA5-Land dataset contains a series of improvements such as higher
spatial resolution and is more appropriate for land applications such as precipitation and evapo-
ration. The dataset combines model data with observations from across the world into a globally
complete and consistent dataset.*®*’

2.2.2 Potential evaporation

Another ERAS product used in our study is the monthly mean of the potential evaporation
(PEV). PEV is produced by making a second call to the surface energy balance routine with
the vegetation variables set to “crops/mixed farming” and assumes no stress from the soil mois-
ture. Evaporation is computed for agricultural land as if it is well watered and through the
assumption that the atmosphere is not influenced by this artificial surface condition.*®*

2.2.3 Near-surface temperature

The third ERAS product used in the study is monthly mean of the air temperature at 2 m above
the land surface. Considering atmospheric conditions, the dataset is produced by interpolation
between the lowest model level and the Earth’s surface.*®

2.2.4 Snow water equivalent
In this study, we employ the snow water equivalent (SWE) dataset of the FLDAS (FEWS NET
land data assimilation system). FLDAS dataset contains many climate-related information, such
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as humidity, evapotranspiration, moisture content, and average soil temperature. Those products
aim to help with food security assessments in data-sparse, developing country settings.* FLDAS
is a custom instance of the National Aeronautics and Space Administration (NASA) Land
Information System (LIS).”® Among multiple FLDAS datasets that use different land surface
models, here, we use FLDAS with Noah version 3.6.1 surface model. The dataset is driven
by the Climate Hazards Group InfraRed Precipitation with Station (CHIRPS) rainfall dataset
and the NASA’s Modern-Era Retrospective analysis for Research and Applications version 2
(MERRA-2) meteorological forcing,*” where CHIRPS is a quasiglobal rainfall dataset designed
for seasonal drought monitoring and trend analysis.

2.2.5 Water area

To monitor the Gavkhuni Wetland and Zayandehrud Lake water area fluctuations, monthly
Landsat surface reflectance images are employed. For our study period (1986 to 2019),
Landsat 5 (for the period of 1986 to 1999), Landsat 7 (for the period of 1999 to 2013), and
Landsat 8 (for the period of 2013 to 2019) images are utilized. The repeat cycle of all three
Landsat satellites is 16-day, and if more than one image was available in each month, the mean
was used for water area calculation. Based on trial and error, specifically for our study region, the
cloud cover of all our images is chosen to be <20%, which means selected images are cloud-free
or nearly cloud-free.

2.2.6 Total water storage anomaly

In this study, total water storage (TWS) dataset of the GRACE and GRACE-FO satellite mis-
sions is used in the period of 2002 to 2019. The GRACE mission was launched in March 2002
and ended in June 2017. The GRACE mission provided surface mass change from observing
Earth’s time-dependent gravity field. The monthly terrestrial water storage (TWS) anomalies,
a very important variable for land hydrological applications, is derived from the surface mass
change after removing the atmospheric and oceanic contributions.”>>* TWS demonstrates
monthly fluctuation of the TWS in the terrestrial environment including surface water, soil mois-
ture, ground water, and snow.>® Since June 2018, the GRACE Follow-On (GRACE-FO) is
extending the 15-year monthly mass change record of the GRACE mission.

2.2.7 Groundwater level fluctuation

For evaluating the groundwater level fluctuation in the basin, we use groundwater depletion rate
for each aquifer. This data are provided by Isfahan Regional Water Board Organization.

2.2.8 Vegetation coverage and status

To monitor the long-term (1986 to 2019) surface vegetation coverage and activities, here, we
employ NOAA CDR of AVHRR NDVI. The dataset contains gridded daily NDVI derived from
the NOAA AVHRR surface reflectance product, provided in a spatial resolution of 0.05 deg and
computed globally over the land surface. NOAA CDR of AVHRR NDVTI is produced using eight
NOAA satellites including NOAA-7, -9, -11, -14, -16, -17, -18, and -19, available from 1981 to
the present time. In this work, we use Version 5 of the dataset, which contains a series of
improvements including use of the improved surface reflectance and the corrections for the
known errors in time, latitude, and longitude variables. This dataset is a part of Land Surface
CDR Version 5 products generated by the University of Maryland (UMD) and the NASA
Goddard Space Flight Center (GSFC).>*

3 Methodology

In this section, we present the framework of the study for investigating the basin long-term
drought. Comparing with the raw data, the drought indices are more readily useable and provide
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Fig. 2 The workflow of long-term drought monitoring in the Zayandehrud River basin.

complete insight for decision making and drought analysis.>® In this study, we use standardized
anomaly index,’® conditional drought indices,””>® and nonparametric standardized drought
indices™ for drought monitoring. Those indices are presented in the following sections. Figure 2
and Table 1 summarize the workflow and dataset of this study, respectively. It is important to
mention that different datasets of this research work own different temporal and spatial reso-
lutions. However, for the purpose of our work, all datasets are averaged over months and river
basin and sub-basins. The only exception is the water surface and therefore its corresponding
index NDWI, which are monthly averaged over three selected areas along the river. We also
utilize the data sources over a long time span, thus providing meaningful drought analysis.

3.1 Standardized Anomaly Index

For monitoring hydrological drought using GRACE data, a standardized anomaly index namely
GRACE-DSI is used.”®* GRACE-DSI for each grid cell is defined as the standardized anoma-
lies of GRACE TWS as follows:

TWS,; — TWS,

Oj

GRACE-DSI; ; = M

where i is the year, j is the month, and TWS; and 6, are the mean and standard deviation of TWS
anomalies in month j, respectively. This index is dimensionless and detects both drought and

Table 1 Summary of datasets and the extracted indices used in the study.

Parameters Indices Dataset
Meteorological parameters SPI ERA-5-Land monthly mean of precipitation

SPEI ERA-5 monthly mean of precipitation and PEV

STI ERA-5 monthly mean of near-surface temperature
Hydrological parameters ~ SWEI FLDAS SWE monthly mean

NDWI Green and NIR bands of the Landsat images (monthly mean)

GRACE-DSI GRACE and GRACE-FO TWS monthly solutions

Vegetation parameter NDVI Red and near-infrared of the spectral reflectance measurements
from NOAA CDR of AVHRR (monthly mean)

VCI Based on monthly-mean NDVI and its long-term minimum
and maximum from NOAA CDR of AVHRR
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Table 2 Drought classification based on GRACE-DSI values.

Drought categories (description) GRACE-DSI values

D5 (exceptional drought) GRACE-DSI < -2

D4 (extreme drought) —1.99 < GRACE-DSI < -1.6
D3 (severe drought) —1.59 < GRACE-DSI < -1.3
D2 (moderate drought) —1.29 < GRACE-DSI < -0.8
D1 (abnormally dry) —0.79 < GRACE-DSI < -0.5
N (Near normal) —0.49 < GRACE-DSI < 0.49
W1 (slightly wet) 0.5 < GRACE-DSI <0.79
W2 (moderately wet) 0.8 < GRACE-DSI < 1.29
W3 (very wet) 1.3 < GRACE-DSI < 1.59
W4 (extremely wet) 1.6 < GRACE-DSI < 1.99
WS5 (exceptionally wet) 2 < GRACE-DSI

abnormally wet events. The GRACE-DSI can be classified into drought categories based on the
thresholds of cumulative relative frequency for GRACE-DSI values® (Table 2).

3.2 Condition Drought Indices

In this study, a condition index namely VCI is used for drought monitoring which is based on
NDVI. VCl s a prevalent drought index that is employed for agricultural drought monitoring,>*-%°
related to the long-term minimum and maximum NDVL>’ The index scales pixel NDVI value
between its maximum and minimum values for a given period and can be expressed as

NDVI;j; — NDVIj yin
NDVIjj max — NDVIj i '

where NDVI, is the monthly NDVTI for pixel k in month j (j =1,2,...,12) for year i, and
NDVIj; min and NDVIj; ., denote the multiyear minimum and maximum NDVI, respectively,
for pixel k in month j. The variation range of VCI is from O to 1, corresponding to change in
vegetation condition from extremely bad to optimal.”®® Drought severity for the condition drought
indices is classified into six categories based on the literature™®* (Table 3).

Table 3 Drought classification based on VCI values.

Drought classes VCI values

Extreme drought 0<VCl<0.1

Severe drought 0.1 <VCl<0.2
Moderate drought 02<VCl<3

Mild drought 0.3<VCl<04
Abnormally dry 0.4<VCl<05
No drought 0.5<VCl <1

Journal of Applied Remote Sensing 014504-7 Jan-Mar 2022 « Vol. 16(1)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Applied-Remote-Sensing on 26 Apr 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Babadi et al.: Long-term drought monitoring of the Zayandehrud River basin.. .

3.3 Nonparametric Standardized Drought Indices

Different indicators have various ranges and scales, so in most cases, it is not possible to compare
their values directly. One of the attractive features of standardized indices is that they are
statistically consistent. For having a comprehensive drought monitoring, it is important to inves-
tigate multiple indicators, such as precipitation and runoff, which often have different distribu-
tion functions.’® Several parametric standardized indices (such as SPI which frequently uses
the two-parameter gamma distribution function) are sensitive to the choice of parametric
distribution functions.®”-*® To cope with these challenges, we use a nonparametric methodology
to handle different hydrological variables that does not rely on representative parametric distri-
bution. Farahmand and AghaKouchak (2015) introduced the standardized drought analysis tool-
box offering a nonparametric framework for deriving univariate and multivariate standardized
indices.*®

To derive a nonparametric standardized index (SI), the empirical Gringorten plotting position,
suggested by Hao and AghaKouchak,® is employed in our study. The formulation follows as’

r—0.44
V= 3
P =01 ©)
where 7 is the sample size, r denotes the rank of the observed values in descending order, and
p(x;) is the corresponding empirical probability of variable x which is each one of the observation
sets (e.g., precipitation) at a specific time scale such as 1, 3, or 6 months. The outputs can be
transformed into SI as follows:

SI=¢7'(p). “4)

wherep is the probability derived from Eq. (3) and ¢ is the standard normal distribution function.

In this research work, SPI, SPEI, STI, and SWEI are calculated using the nonparametric SI.
The calculation of SPI, SPEI, STI, and SWEI is based on P, difference between P and
PEV (P-PEV),71 near-surface temperature, and SWE datasets. The nonparametric standardized
drought indices, similar to the parametric indices, can be presented by D-scale drought catego-
ries as tabulated in Table 4.3%72

3.4 Normalized Difference Water Index

For monitoring water area change in our study, we make use of NDWIL,"* as a frequently used
information for water body estimation.”*’® The formulation follows as

NDWI = XGreen — XNIR i (5)
XGreen + XNIR

where Xgr., and xyr refer to pixel values in the green and NIR bands of Landsat satellites,
respectively. Xgren and xyr are corresponding to band 2 and band 4 in Landsat 5 and 7 and
band 3 and band 5 in Landsat 8, respectively.

Table 4 Drought classification based on nonparametric standardized
drought indices.

Drought categories (description) Sl values
D4 (exceptional drought) Sl<-2
D3 (extreme drought) -1.99<SI<-1.6
D2 (severe drought) -159<8SI<-13
D1 (moderate drought) -129<SI<-0.8
DO (abnormally dry) -0.79<SI<-0.5
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3.5 Time-Series Trend Analysis

Time-series in the study are analyzed using the classical Student’s #-test’” and Mann—Kendall
(MK) nonparametric test,”®”” where the purpose is to evaluate the presence of a trend in time series.

3.5.1 Student’s t-test

A t-test is used as a hypothesis testing tool and is applied commonly when the test statistic follows
a normal distribution. The #-test statistic is actually the ratio of the estimate of the trend’s slope to
its standard deviation. In this way, the test assesses the presence of trend by its magnitude.®

3.5.2 Mann-Kendall nonparametric test

This test has been widely used to analyze trends in different climate variables.'*%!%? The MK test
statistics is defined as

N N +1 .X'j > X
SMK = Z Z sgn(x; — x;),  sgn(x; —x;) = { 0 x;=ux, (6)
i=1 j=i+1 -1 xj<x

where n is the length of the time-series and x; and x; are the data values in the time-series. In the
test, each data point is successively treated as a reference point and is compared with all data
points that follow in time.'*®® Once N is greater than 8, Sy values follow an approximately
normal distribution® which its variance is defined as

N(N = 1)(2N +5)

o = B . )

Finally, the MK test statistics Zyx is given as

Sw=l Svk > 0
OSmK
Zyk = 0, Sy = 0. 3
Sy +1
;’;KT, Smk <0

A positive Zyk value indicates a positive trend in the time-series and vice versa. The Zyy is
also used to test the null hypothesis H, which means “there is no significant trend.” When
|Zymi | > 1.96, Hy is rejected at 5% significance level (p-value < 0.05).

4 Results

In this section, we survey the long-term trend of the proposed drought indices. The section con-
sists of two parts. First, we look into the whole river basin where the long-term trend of meteoro-
logical, hydrological, and agricultural drought indices are analyzed. In the second part, the
analyses are performed in the sub-basins, where the focus is to investigate the effect of land
cover changes in the river upstream area on the drought of the downstream part. There, we take
a closer look into a few different sub-basins on upstream (sub-basin 10), midstream (sub-basin
6), and downstream (sub-basin 1), as examples.

In addition to monthly time-series analysis, we study the time-series of the month “May,”
since this month of year has particular importance in agricultural activities in the region. To
investigate the impact of time scales on the vegetation response, different scenarios are utilized
in this research work. We analyze the trend line slopes and the significance of trends through the
results of 7-test and MK test. However, since different indices have different ranges, the trend
line slopes throughout the paper are calculated based on normalized data between O and 1.
The normalization then makes the trend slopes comparable. We specifically visualize 3-month
and 9-month timespans, since they can be considered as good representative for short-term and
almost long-term accumulations in climate studies.
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4.1 Drought Analysis of the Zayandehrud River Basin

4.1.1 Meteorological drought

To study the meteorological drought in the basin, SPI, SPEI, and STI information are employed.
For SPI and SPEI, we use different timespans of SPI (SPI-1, SPI-3, etc.) and SPEI (SPEI-1,
SPEI-3, etc.) for two scenarios of “all months” and “months May.” Similarly, STI in the case
of “all months” and “months May” and for different timespans are also used for assessing the
changes in near-surface air temperature. A few examples of the aforementioned times-series
along with their trends and the associated trend line slope (m), MK-test, and #-test results are
shown in Fig. 3.
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Fig. 3 (a) SPI-3 “all months,” (b) SPI-9 in “months May,” (c) SPEI-3 “all months,” (d) SPEI-9 in
“months May,” (e) STI-3 “all months,” and (f) STI-9 in “months May” calculated in the basin.
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Fig. 4 (a) SWEI-9 in “months May,” (b) GRACE-DSI, and (c) GRACE-DSI in “months May,”
calculated in the basin.

As it can be seen from the results, no trend is detected in monthly SPI-3 and SPI-9 in “months
May,” which indicates the precipitation has no overall descending or ascending trend in the basin
in the whole study period for those timespans. However, in the case of SPEI, we observe
descending trend for both SPEI-3 “all months” (Zyx = —7.12) and SPEI-9 in “months
May” (—2.52). On the other hand, the results of STI show that both STI-3 “all months” and
STI-9 in “months May” have significant ascending trends, implying that the near-surface air
temperature has increased during the given period.

4.1.2 Hydrological drought

Assessing the hydrological drought, SWEI and GRACE-DSI indices in the basin are utilized.
Here, we evaluate SWE through SWEI for different timespans for “months May.” To monitor the
water level depletion, monthly GRACE-DSI and GRACE-DSI in “months May” are employed.
Examples of the results are shown in Fig. 4.

Based on the results of the examples in Fig. 4, the trend of SWEI-9 in “months May” is not
recognized as significant. On the contrary, both monthly GRACE-DSI and GRACE-DSI in
“months May” show significant descending trends.

4.1.3 Agricultural drought

Agricultural drought is the response of the vegetation condition to meteorological and hydro-
logical drought. For monitoring the vegetation condition in the basin, vegetated area change in
“months May” as agricultural growth period, the monthly VCI, and VCI in “months May” of the
basin are estimated and employed for our analysis. Based on several experiments, a threshold of
0.2 is applied on NDVI values for the vegetated area change, where pixels greater than the
threshold are considered as vegetated pixels. The monthly vegetated area change and VCI time
series are shown in Fig. 5. As it is clear from the figure, the trend of vegetated area change in the
period of 1986 to 2019 is not recognized as significant, while both monthly VCI and VCI in
“months May” show significant descending trends in the basin. As an example, VCI change
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Fig. 5 (a) Vegetated area change in “months May,” (b) monthly VCI, and (c) VCI in “months May,”
calculated in the basin.

maps of the basin for May 2006 and May 2009 are shown in Fig. 6, depicting the nonuniform
spatial expansion of the drought in May 2009. Observing different patterns in the VCI maps
leads us to investigate the drought pattern distribution in the basin by assessing the drought
indices in the sub-basins, where the details of those changes can be studied. The investigation
is conducted in the next part of this section.

Finally, to have a comprehensive view of the trends, the slope m of the trends with their
associated MK test statistics ZMK values for two scenarios of “all months” and “months
May” for different timespans of 1, 3, 6, 9, and 12-month are estimated. The trend line slope
values m for drought indices are tabulated in Table 5. If based on ZMK (|JZMK| > 1.96) and
t-test, significant trend line slopes are detected in each case, its corresponding cell is boldfaced.

Zayanderood river Zayanderood river

VCI map of 2006-MAY VCI map of 2009-MAY

B :xtreme drought I Exceme drought
[ Severe drought [ Severe drought
[ Moderate drought [ Moderate drought
[ mita drought [ mita drought
[ Abnormaiy dry [ Abnormally dry
I ~o drought I ~o drought
(a) (b)

Fig. 6 VCI change maps in May of (a) 2006 and (b) 2009 in the river basin. The maps were pro-
duced through using NDVI from NOAA CDR of AVHRR with the spatial resolution of 0.05 deg
(~5 km).
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As itis clear from the table, SPEI, GRACE-DSI, and VCI show negative trends, whereas STI has
positive trend in the basin for both “all months” as well as “months May” scenarios. On the other
hand, SPI, SWEI, and vegetated area change do not show significant trends.

In general, the results of this section indicate that precipitation or snow reserves may not be
the driving force for long-term vegetation drought observed in the basin. However, based on STI,
the near-surface temperature of the study area has risen which can be one of the reasons for
vegetation drought observation. On the other hand, the SPEI, and in particular, GRACE-DSI,
shows significant descending trend. This fact can be the results of both increased near-surface
temperature and irrigated area expansion in the basin, although the vegetated area change in the
whole basin does not show a significant trend. The observation of the significant descending
trend of monthly VCI and VCI in “months May,” as an indicator of agricultural drought, while
no noticeable changes in the vegetated area of the whole river basin is seen, leads our research to
bring the study of sub-basins in the focus of the investigation. That is, in particular, from the fact
that the Zayandehrud River is an important source for irrigated agriculture in all its three parts:
upstream, middle-stream, and downstream sub-basins. We expect that those details can help us to
detect the drought drivers in the basin.

4.2 Drought Analysis of Zayandehrud River Sub-basins

4.2.1 Meteorological drought

For monitoring meteorological drought in the sub-basins, SPI, SPEI, and STI for two scenarios
of “all months” and “months May” and for different timespans are used where their slope (1) of
the trend lines and their associated Zyx values are calculated in three selected sub-basins 10, 6
and 1. If significant trends based on Zyk and t-test are detected for each case, its corresponding
cell is boldfaced. The results of meteorological drought indices are presented in Table 6. In this
table, there is just one inconsistency between Zyx and ¢-test result from SPI-9 of sub-basin 6
(Zyk passed the test whereas z-test does not pass) where the associated cell is specified in
hachure. The inconsistency, however, can be considered negligible since the trend line slope
is low (m = 0.0002).

As it is seen in Table 6 for the monthly SPI, only the trends of SPI-9 and SPI-12 are rec-
ognized as significant where the trend slopes are near zero. Those results are consistent in all
three sub-basins. SPI trends in “months May” show no significance in any timespan. The results
of SPI for all three sub-basins are very similar to each other and consistent with the results of
the whole basin (Table 5). This fact indicates the precipitation trend is not much different in
different sub-basins, although it should be emphasized that the precipitation in the upstream
part of the basin has much more importance than the other parts, since that is by far the most
important source of water input into the basin. In the case of SPEI, negative trends are detected
in both scenarios for all timespans and in all three sub-basins (except for SPEI-1 in “months
May” scenario), which is similar to the results of the basin as a whole. Monthly STI shows
significant trends with positive slopes in all three sub-basins and for both scenarios, which can
be considered as one of the main reasons for SPEI descending trend. Finally, it can be inferred
that the meteorological drought indices are in general very consistent in all three selected sub-
basins.

4.2.2 Hydrological drought

To monitor hydrological drought in our selected three sub-basins, we use SWEI in “months
May” for different timespans, monthly GRACE-DSI and GRACE-DSI in “months May.”
The line slope (m) of the trends and their associated Zy;x values are calculated for the indices
in all three sub-basins (Table 7). As it is clear from Table 7, similar to the results of the whole
river basin, the trends are not recognized as significant for SWEI in “months May,” while we
detect negative trend for monthly GRACE-DSI and GRACE-DSI in “months May” in all three
sub-basins. As a result, similar to the meteorological drought, the hydrological drought indices
show very similar trends in all three sub-basins.
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It should be also mentioned that the spatial resolution of the GRACE data is not sufficient
for detailed study of the sub-basins, even though the JPL Mascon Level 3 of the GRACE
makes use the hydrological models to provide 0.5 deg x 0.5 deg space resolution for the TWS
change.

Moreover, we assess the water area changes at three spots: (i) behind the Zayandehrud River
dam (Zayandehrud Lake), (ii) in Fakhrabad as an area in sub-basin 6 midway between the river
sources and Gavkhuni Wetland, and (iii) in Gavkhuni Wetland itself as the endpoint of the river.
In this way, monthly NDWI is calculated for these three parts of Zayandehrud River, using of
Landsat images. To remove the cloud effect, we exclude all the images with cloudy pixels, even
if only one pixel is contaminated. Afterward, for estimating water pixels, a threshold of 0.08
based on experiments is applied on NDWTI values, where the pixels with the values greater than
the threshold are considered as water pixels. The time series of water area change in the three
selected areas are shown in Fig. 7. As results show, the water area behind the Zayandehrud River
dam has some fluctuations after its first severe reduction of water area in 2000, while the area is
near normal between the years 2002 to 2007. After this period, a descending trend can be seen in
the time series. On the other hand, after 2000, the water area in Fakhrabad was zero or near zero
in most of the time. More interestingly, since that time, the water area in Gavkhuni Wetland has
been decreased to near zero and never reached to its normal level. The results clearly demonstrate
that no causal relationship is seen between the amounts of water area in Zayandehrud River dam,
Fakhrabad area, and in particular Gavkhuni Wetland. This fact is of special interest since the
water area behind the Zayandehrud River dam has been near to its normal in some years after
2000. The potential explanation for this observation comes from the fact that during this period,
the agricultural fields in the upstream parts of the river may have been expanded. That is clearly
seen in the sub-basin 10, as an example of the next section.

To evaluate the groundwater level fluctuation, we use groundwater depletion rate for each
aquifer as complementary information for our analysis. The time series of the ground water
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Fig. 7 Time series of water area change in (a) Zayandehrud River dam, (b) FakhAbad area, and
(c) Gavkhuni Wetland in the period of 2010 to 2019. The product was estimated using Landsat
images with the spatial resolution of 30 m.
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Fig. 8 Groundwater depletion rate in eight aquifers located in the basin in the period of 2010 to
2019.

depletion for eight aquifers in the basin are shown in Fig. 8. Chadegan, Chehel Khaneh, and
Dameneh aquifers are located in the upstream, whereas Brokhar, Najafabad, and North Mahyar
are located in the midstream, and South Mahyar and Shahreza are within in the downstream parts
of the basin. Although these eight aquifers are scattered in three parts of the basin, no significant
differences are observed in their groundwater depletion trend. The results show that the ground-
water in all three parts of the river basin has very significant descending trend, which is in agree-
ment with the GRACE-DSI results.

4.2.3 Agricultural drought

For the assessment of agricultural drought indices in the selected sub-basins, the line slope (m) of
the trends and the associated Zy;x values of the vegetated area change in “months May,” monthly
VCI and VCI in “months May” are calculated for three sub-basins of interest (Table 8). The
results of the MK test as well as the z-test show that the vegetated area change, monthly
VCI and VCI in “months May” have positive trends in sub-basin 10, whereas the indices in
two other sub-basins 6 and 1 show negative slopes. The time series of VCI and vegetated area
change in “months May” for three sub-basins are also shown in Fig. 9.

To bring a few examples of the VCI spatial distribution in “months May,” as an important
growth period, of the last decade, the VCI maps in the period of 2010 to 2019 are shown in
Fig. 10. As the results show, although the midstream and downstream areas of the basin are
mostly affected by agricultural drought, the upstream areas remain in an almost stable good
condition.
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Table 8 Trend line slopes (m) and the associated MK test scores (Zyk) of agricultural drought
indices for two scenarios of “all months” and “months May” in three sub-basins. The boldface cells
indicate significant trends based on MK and {-test statistics.

Index 1 month
Agricultural drought Sub-basin 10 Vegetated area change-May m = 0.0237
Zyk = 5.59
VCI m = 0.0007
Zyk = 8.93
VCI-May m =0.0173
Zyk = 4.89
Sub-basin 6 Vegetated area change-May m = -0.0134
Zyk = —3.91
VCI m = —0.0009
Zyk = —11.95
VCI-May m = -0.0139
Zyk = -3.71
Sub-basin 1 Vegetated area change-May m = -0.0184
Zyk = —2.46
VCI m = —0.0008
Zyk = —11.01
VCI-May m = -0.0115
Zyk = —2.58

5 Summary and Conclusion

This research work aimed to study the long-term drought condition of the Zayandehrud River
basin in central Iran. The work employed meteorological drought indices (SPI, SPEIL, and STI),
hydrological drought indices (SWEI, NDWI, and GRACE-DSI), and a vegetation (agricultural)
drought index (VCI) from 1986 to 2019, where the long-term trend of the aforementioned indi-
ces were analyzed.

Inspecting the results from our trend analysis of different indices in the river basin as well as
its sub-basins may bring us to an important conclusive point. While the long-term precipitation
index and snow reserves do not show a trend during the study period, we observe rising air
temperature index and falling GRACE-DSI and groundwater storage in the river basin and all
three selected sub-basins of the study region. On the other hand, the agricultural conditions in the
upstream, midstream, and downstream parts of the basin show different spatial patterns. We also
observe that almost no water has reached Fakhrabad area and Gavkhuni Wetland after the year
2000, even though we see significant fluctuations in the water area of the Zayandehrud dam in
the recent years. The plausible explanation for this observation is that the expansion of the agri-
cultural fields in the river upstream as well as rising air temperature and increasing population
and industrial activities in the basin are most likely the driving forces for agricultural drought
intensification in the midstream and downstream parts of the basin. Knowing that the basin
imports water from the neighboring catchment “Karun” through transbasin diversion tunnels,
although part of the water is transferred to the cities outside the basin, also signifies the remark-
able water consumption in the region during recent decades.
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Fig. 9 VCI “months May” for (a) sub-basin 10, (b) sub-basin 6, and (c) sub-basin 1 and the veg-
etated area change in “months May” for (d) sub-basin 10, (e) sub-basin 6, and (f) sub-basin 1.

The small negative trend of SPEI in the river basin and its different sub-basin can be inter-
preted as the result of either temperature increase or agricultural expansion in different regions of
the study area or the combination of both effects. It is important to mention that although SPEI is
a meteorological index, it can also be affected by agricultural activities where the evapotranspi-
ration from the vegetation can influence the index value.

Another important issue to be mentioned is that the trend slope of SPEI is not significant
enough to explain the weighty negative trend of GRACE-DSI, the noticeable decline in the
groundwater level of the piezometric wells, and the almost-zero surface water area in the
Gavkhuni Wetland. On the contrary, those remarkable losses in the surface water and ground-
water storage may be better explained by the increase of water consumptions, mainly for the
agricultural activities in the upstream (as seen through the vegetated area expansion and VCI) as
well as the rise of water use by the industry and the urban expansion during the study period.
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Fig. 10 Selected VCI maps of the basin in the period of 2010 to 2019 for the “months May.” The
maps were produced through using NDVI from NOAA CDR of AVHRR with the spatial resolution of
0.05 deg (~5 km).
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To summarize the findings of our current study, we clearly showed the impact of human
activities, in particular the agricultural expansion in the river upstream, on the drought condition
of the midstream and downstream, although the influence of water consumption by expanding
industry and population growth as well as the rising air temperature should be also considered.
To be more specific, depicted in the water level time-series of the piezometric wells and GRACE-
DSI, we observed overextraction of groundwater for human activities in the whole river basin.
Furthermore, through looking into the time-series of NDWI at different places along the river, we
noticed excessive water withdrawal in the river upstream. These results are in agreement with the
outputs of several other studies in different areas across the globe, a few of them cited in the
literature review of this study, where human activities have been recognized as the main drivers
for the agricultural drought in the downstream.

The focus of this research work was to investigate the long-term drought condition of the
river basin through different drought indices and information. Here, we did not look into the
specific years when the drought happened. Obviously, it would be of great interest to analyze
the datasets for more detailed study of the drought events within the study period of our work.
In particular, identifying the drought events as well as their intensities might be of an interest.
One can also think of different methodologies for extraction of trend and periodic signal features.
Among those methodologies are obviously the nonstationary signal processing algorithms
where the frequency change of the drought characteristics can be identified and analyzed in
detail.
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