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Abstract
Analyzing the water resources components and connecting these components in the large-scale framework lead the decision 
makers and scientists to find better innovative and more effective solutions to water crisis challenges. Hence, in this study, the 
trend in the water balance components during 1984–2010 has been analyzed in all 30 major basins in Iran through the Budyko 
framework considering the role of nature and humans in the water systems. The results show that the evaporation ratio (E/P) 
is higher than one in the hyper-arid and arid areas, especially in the years with less precipitation. It indicates that in these 
regions, the basins are under non-steady-state conditions and do not follow the Budyko framework. The trend analysis shows 
that in the western parts of the country, precipitation is considerably decreasing, leading to less runoff and available surface 
water and more demand for groundwater extraction. However, the basins in these areas are still under steady-state condi-
tions with inconsiderable water crises. We argue that policymakers need to provide appropriate long-term plans for drought 
and climate change adaptation focusing on groundwater management to avoid the critical water challenges in these areas.
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Introduction

Human population growth and lifestyle changes have caused 
an increased demand for good quality water globally (Gleick 
1993). Inappropriate spatiotemporal distribution of popu-
lation and unsustainable development worldwide have led 
to an overdraft of groundwater reservoirs. Climate change 
and prolonged drought have exacerbated the situation and 
intensified groundwater depletion (Mianabadi et al. 2021b). 
Groundwater depletion may increase the salinity in the 
soil and water, soil fertility, land subsidence (Ashraf et al. 
2021), land degradation, desertification, and changes in the 

hydrological regime (Madani 2014). These consequences, 
in turn, affect agricultural and industrial activities, food 
security, and the life of people, leading to economic, social, 
political, and environmental challenges. It is more evident, 
especially in arid and semi-arid regions where 60% of the 
population is dependent on groundwater as the main water 
source (Richts and Vrba 2016) for  agricultural, indus-
trial, and domestic consumption (Mianabadi et al. 2020b). 
Overexploitation and groundwater depletion in many river 
basins worldwide are too much to recover even in wet peri-
ods (Rodell et al. 2018). These challenges make it seri-
ous to determine the sustainable portion of groundwater 
withdrawal and to put aside parts of groundwater as a reli-
able strategic reserve for future droughts (Mianabadi et al. 
2021b). However, the current and upcoming groundwater 
depletion reduces this strategic groundwater reserve with 
potential remarkable water shortages and related social ten-
sions (Mianabadi et al. 2020b).

Iran, as an arid country, also encounters many water-
related issues; drying water bodies, decline in groundwater 
levels, dust storms, land degradation, desertification, soil 
erosion, soil/water salinity, and social conflicts are among 
these issues (Alborzi et al. 2018; Danaei et al. 2019; Sae-
mian et al. 2020; Madani 2021). Like the other countries in 
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the Middle East, the water crisis in Iran is mainly caused 
by bad water governance and water mismanagement, rooted 
in an oil-based economy with considerable socioeconomic 
changes such as urbanization, infrastructure development, 
living standards rising, and high rates of consumption. How-
ever, droughts, climate change, and its consequences have 
exacerbated these degradations and consequences in some 
regions.

The Budyko framework (Budyko 1974) is an efficient tool 
that can differentiate between the role of nature (climate 
change/variability) and human interventions on the basins. 
According to the Budyko framework definition (Fig. 1), it 
was primarily developed for the steady-state basins that are 
natural and closed with negligible water storage change. It 
means that the local precipitation, as key input forcing, is 
the only available water source for evaporation (Du et al. 
2016). In these basins, the mean annual evaporation (E) is 
controlled by precipitation (P) and potential evaporation 
(EP), as the water and energy availability, respectively. It is 
worth noting that the term “evaporation” encompasses the 
combined evaporation from interception (Ei), soil (Es), and 
open water bodies (Eo), as well as transpiration (Et) (Shut-
tleworth 1993; Savenije 2004).

Hence, the evaporation ratio (E/P) is limited by avail-
able water and energy (see water- and energy-limited lines 
in Fig. 1) based on the aridity of the region (Gerrits et al. 
2009). In these conditions, the data are located in the Bud-
yko space (Fig. 1). However, the steady-state conditions 
are not valid for many watersheds in the world as its pre-
sumption and the hydrological cycle and water balance of 
the watersheds have changed due to human mal-adaptive 
activities (Mianabadi et al. 2020a; Huang et al. 2022). The 
Budyko framework is eligible to detect the behavior of the 
watersheds under non-steady-state conditions as well. When 
the plots of E/P versus EP/P are located out of the Budyko 

space (i.e., E/P > 1), it can be inferred that the basins are 
under non-steady-state conditions. It should be noticed that 
the uncertainty of the data, especially E, may contribute to 
this behavior; however, Chen et al. (2013) believed that this 
uncertainty is just not enough to explain this discrepancy 
from the framework in extremely dry years. Accordingly, 
in this study, the trend in the water balance components has 
been analyzed in all 30 major basins in Iran considering the 
role of nature and humans in the water systems through the 
Budyko framework. In addition to detecting the state of the 
basins (steady/non-steady), this may help to understand how 
natural events and human activities compound together to 
affect the groundwater extraction in Iranian basins.

Material and methods

Case study

Iran covers an area of 1,648,195 km2 in the southwest of 
Asia (Fig. 2a) and is the second-largest nation in the Mid-
dle East (Madani 2014). The country is generally classified 
as an arid region (Fig. 2b). The mean annual precipitation 
during 1960–2016 has been around 225 mm year−1 (Sae-
mian et al. 2022), less than one-third of global mean annual 
precipitation. The mean annual temperature varies from 
10 °C in the western part to 35 °C in the central regions. 
The location of the Seas and the mountain regions cause a 
high spatiotemporal variable climate in Iran (Sanjani et al. 
2011). The less amount of receiving precipitation in Iran 
makes the groundwater to be the major water resource for 
different sectors’ (i.e., domestic, industrial, and agricul-
tural) consumptions (Jafary and Bradley 2018). Increased 
water demand for these consumptions has led to an over-
draft of groundwater, such that the country is one of the top 
groundwater miners in the world (Gleeson et al. 2012; Döll 
et al. 2014). The vast groundwater depletion in the country 
is mainly anthropogenic; however, it has been exacerbated 
by changes in climate conditions. WMO (2013) reported 
about 1 °C increase in temperature in Iran for the period 
of 2001–2010. During 1966–2015, mean annual tempera-
ture and mean annual precipitation have been increasing 
and decreasing, respectively (Mianabadi et al. 2019). Some 
previous studies also predicted that the country will be drier 
and warmer due to climate change (e.g., Madani et al. 2016; 
Doulabian et al. 2021).

Data

Precipitation (P), evaporation (E), runoff (R), and terres-
trial water storage capacity (TWSC) were obtained from 
https://​hydro​logy.​princ​eton.​edu/​data/​mpan/​WC_​MULTI​
SOURC​ES_​WB_​050/ in NetCDF files. These data are Fig. 1   Schematic view of the Budyko framework

https://hydrology.princeton.edu/data/mpan/WC_MULTISOURCES_WB_050/
https://hydrology.princeton.edu/data/mpan/WC_MULTISOURCES_WB_050/
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available monthly from 1984 to 2010 with a spatial reso-
lution of 0.5° × 0.5°. The data are provided based on a sys-
tematic method which optimally combines multiple avail-
able data sources for P, E, R, and TWSC and obtains water 
budget closure such that P–E–R–TWSC = 0. The method 
has been developed using a constrained Kalman filter 
(CKF) data assimilation technique (Zhang et al. 2018).

Potential evaporation (EP) data were obtained from the 
Center for Environmental Data Archival website [http://​
catal​ogue.​ceda.​ac.​uk/​uuid/​4a6d0​71383​976a5​fb24b​5b42e​
28cf2​8f; (University of East Anglia Climatic Research 
Unit 2014)]. EP has been calculated by the FAO-Pen-
man–Monteith equation (Allen et al. 1998). The data are 
available at the monthly timescale over 1901–2013 with 
0.5° × 0.5° spatial resolution. We applied the data for the 
period 1984–2010 to be in consistent with the other data 
set.

The numbers of the wells and their extraction (deple-
tion, D) were acquired from the Water Resources Man-
agement Company of Iran for the study period (i.e., 
1984–2010).

Budyko framework

To use the Budyko framework for our case study, we plot 
the evaporation ratio (E/P) versus aridity index (EP/P) and 
TWSC. The behavior of these variables in the Budyko 

space can reveal if a given basin is under steady or non-
steady-state conditions (Istanbulluoglu et al. 2012; Greve 
et al. 2014). It helps us to distinguish the role of natural 
and anthropogenic components on the water balance of 
the basins.

Trend analysis

The nonparametric Mann–Kendall test (Mann 1945; Kendall 
1975) is commonly applied for trend analysis of climato-
logical and hydrological data time series (Nalley et al. 2013; 
Pingale et al. 2014; Degefu et al. 2019). It can be performed 
to all probability distributions, and the normality assump-
tion of the data does not have to be met. The Mann–Kendall 
(MK) test is defined as the following equation:

where

(1)zMK =

⎧
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Fig. 2   a Geographical location and digital elevation model (DEM) of Iran, b Budyko Aridity Index (adapted from Mianabadi et al. 2019). b1 to 
b30 illustrate the major basins in Iran

http://catalogue.ceda.ac.uk/uuid/4a6d071383976a5fb24b5b42e28cf28f
http://catalogue.ceda.ac.uk/uuid/4a6d071383976a5fb24b5b42e28cf28f
http://catalogue.ceda.ac.uk/uuid/4a6d071383976a5fb24b5b42e28cf28f


	 Applied Water Science (2023) 13:132

1 3

132  Page 4 of 16

in which V(S) is the variance of S, ti is the number of ties 
for the i-th value, n and m are the number of data points and 
tied groups, respectively, and xj and xk are the sequential 
data values. The positive/negative value of zMK indicates an 
increasing/decreasing trend in the series. The trend analysis 
was conducted for 30 major basins of Iran classified as four 
climatic regions; hyper-arid, arid, semi-arid, and humid/
sub-humid (Fig. 2), according to the Budyko aridity index 
(Mianabadi et al. 2019). In this study, we categorized the 
basins into three classes: hyper-arid, arid, and overlapped, 
the latter are the ones shared between two classes of climatic 
regions.

Results and discussion

Figures 3 and 4 illustrate the evaporation ratio (E/P) in terms 
of aridity index (EP/P) and TWSC, respectively, for the years 
1984–2010. Based on these figures, most years show an E/P 
higher than 1. It is more evident in the years 1985, 1987, 
1990, 1993, 1995, 1998, 2001, 2008, and 2010 when E/P 
even reaches close to 4. As observed in Fig. 4, in these years, 
the TWSC is mostly negative. According to Fig. 5, in the 
above-mentioned years, most parts of the country experi-
enced a negative TWSC indicating more surface/ground 

Fig. 3   Evaporation ratio in terms of aridity index through the Budyko Framework during 1984–2010 for each climatic region
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water extraction. The spatial distribution of precipitation 
(Fig. 6) also reveals these years received the least amounts 
of precipitation. Such situations are more evident in the 
hyper-arid and arid than in the semi-arid, humid, and sub-
humid areas. For example, the year 1993 receives one of the 
highest amounts of precipitation in Iran during 1984–2010 
(see Table 1). However, based on Figs. 3 and 4, the highest 
amount of E/P and negative TWSC are observed. In 1993, 
the average amount of precipitation in the country was high, 
with the most precipitation falling in humid, semi-humid 

and semi-arid regions. Nevertheless, hyper-arid regions only 
received 108 mm of precipitation, which is close to the aver-
age for these regions (107 mm). This led to more groundwa-
ter depletion in these areas than in other regions, resulting in 
the highest E/P and negative TWSC.

Figure 7 shows the relationship between the percentage of 
pixels with E/P > 1 and potential evaporation and precipita-
tion for each climatic region. According to Fig. 7a, potential 
evaporation is not a limiting factor for evaporation, espe-
cially in arid and hyper-arid regions, still less amount of 

Fig. 4   Evaporation ratio in terms of TWSC during 1984–2010 for each climatic region
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precipitation is the limiting factor. Figure 7b indicates that 
a decrease in precipitation leads to an increase in the per-
centage of pixels with E/P > 1. It is more evident in arid and 
hyper-arid regions (steeper slopes).

Figures 8, 9, and 10 show how the hydrological compo-
nents (e.g., P, E, EP, and TWSC) interact at the basin scale. 
Comparison among these figures shows that the basins in 
arid and hyper-arid regions do not follow the Budyko frame-
work. Among the basins in overlapped regions, the highest 
evaporation ratio during 1984–2010 was observed in b30, 
which is located in the arid and hyper-arid areas. The basins 

which are mostly located in semi-arid, humid, and sub-
humid climates follow the Budyko framework. In hyper-arid 
and arid regions, potential evaporation is not the limiting 
factor for evaporation. Thus, all available water, including 
precipitation and depleted groundwater, evaporates in these 
regions. In contrast, potential evaporation limits evapora-
tion in semi-arid, humid, and sub-humid areas reasonably. 
Furthermore, due to sufficient precipitation in wet months in 
these regions, parts of the groundwater depleted in summer 
return to the aquifers by infiltration in winter. Accordingly, 
while Figs. 8, 9, and 10 show that the number of wells and 

Fig. 5   Areas with TWSC > 0 and TWSC < 0 over Iran during 1984–2010
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groundwater extraction increased in 2010 compared to 1984 
in all basins (the numbers with sign %), the annual evapo-
ration ratio in arid and hyper-arid regions is more than the 
semi-arid, humid and sub-humid regions. This suggests that 
the increased number of wells in these regions has caused 
more extraction than in other basins.

In 1984, there were 188,760 wells in Iran, and by 2010, 
this number had increased to 753,437, representing a growth 
of 299% over the 27-year period. The number of wells in 

hyper-arid, arid, and overlapped regions has increased by 
259%, 263%, and 355%, respectively. The decrease in pre-
cipitation in the northern and northwestern parts of the 
country (shown in Fig. 13) has resulted in a higher demand 
for groundwater. The greatest increase in the number of 
wells was seen in b5 (2740%) in the hyper-arid regions, fol-
lowed by b25 (1826%) in the overlapped regions and b21 
(1716%) in the arid regions.

Fig. 6   Spatial distribution of precipitation over Iran during 1984–2010
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Although the number of wells and depletion increased 
in 2010 compared to 1984 in all basins, the trend analysis 
implies that the increasing rate is different for each basin 
(see Figs. 11, 12, and 13). The results show that the num-
ber of wells has been increasing in 17 basins, among which 
eight basins experience a significant increasing trend (b5, 
b18, b19, b20, b21, b22, b23, and b25). The basins with 
significant increasing trends locate in the west and north-
west, where the highest rate of precipitation is received, 
and the most population of the country is settled. How-
ever, there is no significant increasing trend in depletion 
in these basins; some even have a decreasing trend (e.g., 
b19 in Fig. 13). The only basins with significant positive 

trends in both depletion and the number of wells are b23 
and b25. It should be mentioned that from 2001 to 2010, 
the number of wells and the amount of depletion in most 
basins have decreased considerably. The decrease during 
2001–2010 may have impacted the trend during the whole 
study period (1984–2010), leading to decreasing trend in 
these basins. The non-significant (positive and negative) 
trends in TWSC also confirm this. The results also reveal 
that the western and northwestern basins have significant 
negative trends in precipitation, which could be the main 
reason for digging more wells in these regions. However, 
the amount of precipitation in the wet months is enough 
to compensate for the less precipitation in the dry months 
(growing season). Hence, despite increasing trends in the 
number of wells and more groundwater extraction in dry 
months, depletion is not considerably increasing in these 
areas. It is worth noting that in the basins located in the 
north and west, the soil moisture content and surface water 
may not be negligible, and their contribution to the TWSC 

Table 1   Mean annual precipitation (mm) in Iran and for each climatic 
region

Year Humid/sub-
humid

Semi-arid Arid Hyper-arid Iran

1984 640 452 247 101 220
1985 555 410 206 70 182
1986 551 446 316 151 273
1987 530 436 228 75 197
1988 598 461 269 111 235
1989 552 351 226 95 195
1990 620 378 183 98 176
1991 557 436 307 162 271
1992 711 473 313 143 273
1993 636 503 310 108 261
1994 557 481 281 98 239
1995 452 350 229 160 219
1996 553 396 290 145 252
1997 542 382 256 160 237
1998 562 378 249 106 214
1999 516 343 235 122 208
2000 569 356 221 74 186
2001 537 349 190 61 164
2002 552 431 241 78 205
2003 627 438 257 87 219
2004 661 426 279 94 232
2005 544 406 241 113 215
2006 490 396 253 89 211
2007 539 388 239 110 211
2008 557 308 140 80 139
2009 550 389 258 131 229
2010 423 359 169 73 156

Fig. 7   Relationship between percentage of pixels with E/P > 1 and a 
potential evaporation, b precipitation for each climatic region
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should be considered. Nevertheless, groundwater storage 
change is the dominant part of the TWSC in most basins 
in Iran (Saemian et al. 2022).

In the west and northwest, evaporation is also decreasing, 
but the significant negative trend in precipitation and insig-
nificant negative trend in evaporation have led to a signifi-
cant positive trend in evaporation ratio. Negative trends in 
evaporation in the basins with decreasing precipitation and 
increasing depletion indicate that precipitation contributes 
more to evaporation than depletion (see, for example, b5, 
b18, b20, b21, b22, b23, b25, and b28).

In the humid areas (west and northwest), evaporation 
ratio does not commonly exceed unity and it follows the 
Budyko framework. The results indicate that even though 
there is an increasing trend in the evaporation ratio in these 
regions, it still remains under the water-limited line in the 
Budyko framework (see Fig. 2). This also implies that the 

water extraction in dry months is replenished during the 
wet months, meaning the regions are still under steady-
state conditions. It indicates the critical role of natural 
recharge in maintaining groundwater storage in humid 
areas.

In areas where the evaporation ratio is usually greater 
than 1, a decrease in rainfall, the number of wells, and deple-
tion has caused a major drop in evaporation. It is more evi-
dent for b2, b6, and b8. It is worth noting that decreasing 
trend in depletion does not necessarily reflect good govern-
ance and wise management, but implies that there is not 
enough groundwater in the aquifers to be extracted (Ashraf 
et al. 2021; Noori et al. 2021).

Trend analysis of the runoff illustrates the connec-
tion between precipitation and runoff, as in the areas with 
decreasing precipitation trends, runoff also shows a nega-
tive trend. It shows that the surface water resources have 

Fig. 8   Evaporation ratio in terms of aridity index through the Budyko 
Framework during 1984–2010 for each basin located in the hyper-
arid regions. The numbers with % show the percentage of change in 

the number of wells (up) and extraction from the aquifers (bottom) in 
2010 compared to 1984 for each basin
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been decreasing in these areas, leading to more groundwater 
extraction. Furthermore, it also can justify the decreasing 
trend in TWSC in these areas. In general, our findings are 
consistent with the previous studies conducted for different 
periods using GRACE and in situ data (e.g., Voss et al. 2013; 
Forootan et al. 2014; Moshir Panahi et al. 2020).

Iran has experienced several long-term droughts, detected 
in this study through the Budyko framework. These natural/
anthropogenic drought events, besides the bad governance 
and mismanagement, caused many water bodies to dry up 

and most of the aquifers to depleted in recent decades (Agha-
Kouchak et al. 2015; Ashraf et al. 2017, 2019). These situ-
ations resulted in considerable water-related issues in the 
country (Madani 2014). Despite data and model uncertainty, 
the results indicate that water storage (mainly groundwa-
ter) depletion in Iran is a crucial issue that should be con-
sidered by all stakeholders, including local communities, 
water experts, and decision policymakers. As some other 
studies illustrated the critical situation of groundwater in 
Iran in recent years (2002–2019) (Ashraf et al. 2021; Noori 

Fig. 9   Evaporation Ratio in terms of aridity index through the Bud-
yko framework during 1984–2010 for each basin located in the arid 
regions. The numbers with % show the percentage of change in the 

number of wells (up) and extraction from the aquifers (bottom) in 
2010 compared to 1984 for each basin
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et al. 2021; Saemian et al. 2022), it indicates that ground-
water management and governance programs in the country 
have failed (Noori et al. 2021). Groundwater depletion and 
increasing the number of the “prohibited” and “critical pro-
hibited” plains in Iran would lead to environmental and food 
security in the country with considerable socioeconomic 
consequences such as unemployment, conflicts, and mass 

rural–urban migration (Madani et al. 2016; Mehrparvar et al. 
2016; Mianabadi et al. 2021a). According to the results of 
the current and previous studies, the northern and western 
basins remain still at steady-state conditions and are cat-
egorized as “free plains.” However, in these basins, which 
contain a large part of the population of the country and 
have high agricultural production potential, the groundwater 

Fig. 10   Evaporation ratio in terms of aridity index through the Bud-
yko framework during 1984–2010 for each basin located in the 
regions with overlapped climate. The numbers with % show the per-

centage of change in the number of wells (up) and extraction from the 
aquifers (bottom) in 2010 compared to 1984 for each basin
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withdrawal is increasing rapidly, and they may encounter 
water scarcity in the future. Hence, we suggest that poli-
cymakers provide appropriate long-term plans for drought 
and climate change adaptation with focusing on ground-
water management (e.g., Mianabadi et al. 2020b, 2021b). 

Otherwise, the arising environmental and socioeconomic 
implications will considerably threaten the security and 
sustainability of the country as a whole.

Fig. 11   Trends in P, E, E/P, number of wells, D, TWSC, and R at basin scales in hyper-arid regions



Applied Water Science (2023) 13:132	

1 3

Page 13 of 16  132

Fig. 12   Trends in P, E, E/P, number of wells, D, TWSC, and R at basin scales in arid regions
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Conclusion

This study focuses on the changes in the water bal-
ance components in the 30 major basins in Iran during 
1984–2010. The study’s findings revealed alarming situ-
ations, mainly in the east and center of the country. Due 
to physical limits to the renewable groundwater in many 
basins in Iran, water extraction from aquifers decreased 
from 2001 onward. It indicates the failure in the ground-
water management and governance programs in the coun-
try. A significant decrease in precipitation in western Iran 
has led to less amount of surface water and more ground-
water depletion. Although the Budyko framework implies 
that the western basins are still under steady-state condi-
tions, the rapid increase in groundwater extraction may 
cause severe water challenges in the future in these areas, 
like what happened in the eastern and central basins. This 
issue can threaten the environment, water, and food secu-
rity with considerable socioeconomic consequences. The 

current water crisis in Iran arises from both natural vari-
abilities and anthropogenic changes. The natural variabili-
ties are not entirely avoidable; thus, policymakers need to 
focus on the anthropogenic water challenges. Both govern-
ments and local people can be involved in water manage-
ment in Iran. Providing appropriate plans for increasing 
the coping and adaptive capacity of the communities by 
the policymakers and establishing the local governance 
and engagement of the local stakeholders for implement-
ing the provided strategies can mitigate the unpleasant 
implications of the water challenges in Iran.
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