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a b s t r a c t 

Evapotranspiration (ET) is one of the most significant compartments in the energy and wa- 

ter balance between the atmosphere and the Earth’s surface. Global climate change has an 

impact on the water cycle and can result in an increase in ET from the land surface; nev- 

ertheless, an increase in ET can destabilize the macro- and micro-climate at the local and 

continental levels. In line with this, the purpose of this article is to learn more about the 

factors that contribute to the high and current reference ET (ET o ) rate of Karakalpakstan 

(Uzbekistan). MODIS Terra images was used to analyze long-term land cover change. The 

Google Earth Engine code editor, Erdas Imagine 2020, and ArcMap 10.8 were used to map 

land cover change and the leaf area index (LAI). Though the Normalized Difference Vegeta- 

tion Index and the Soil-Adjusted Vegetation Index were used because of their past perfor- 

mance as affirmative measurement techniques for vegetation monitoring. The Hargreaves- 

Samani equation was utilized to ET o in this study. Increased crop density in agriculture 

and the conversion of barren soil to grasslands to rehabilitate the seashore ecosystem of 

the Aral Sea influenced LAI significantly, according to multifactorial analyses of perennial 

air temperature, land cover change, solar irradiance, and ET o in a typical dryland of Uzbek- 

istan. However, the extension of LAI in the agricultural area of Karakalpakstan substantially 

accelerated the ET o rate, which was a key contributor of an increase in crop water demand. 

We can see that measured solar radiation and ET o were consistent across time by looking 

at the nearly same quantities for both. As a result, we assume that global climatic changes 

have no effect in the uncertainty of solar radiation and ET rate. 

© 2023 European Regional Centre for Ecohydrology of the Polish Academy of Sciences. 

Published by Elsevier B.V. All rights reserved. 

 

 

 

1. Introduction 

Evapotranspiration (hereinafter, ET) is deemed as one of

the important compartments in the energy and water bal-

ance between atmosphere and Earth surface. ET is a pro-
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cess that occurs when energy and water are exchanged be- 

tween soil, atmosphere, and vegetation, and interacts with 

climatic factors ( Wang et al., 2019 ). Global climate varia- 

tions influences the process of water cycle and can beget 

an increased ET rate from land surface ( Vörösmarty et al., 

20 0 0 ), simultaneously an increased ET can also destabilize 

the macro- and micro-climate at local and continental lev- 

els ( Pan et al., 2015 ; Shukla & Mintz, 1982 ). 
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Land cover change (hereinafter, LCC) has been captivat-

ing wide-scale attention over the decades since it induces

ET change ( Wang et al., 2021 ). Remote sensing based or

spatial modelling investigations have revealed that the re-

habilitation of forest resources can positively influence ET

in humid areas ( Jin et al., 2017 ), permanent shrublands

( Gibson et al., 2018 ), whereas the deterioration of forest re-

sources can lead to a decrease in ET in Amazonia rainfor-

est ( Hahmann & Dickinson, 1997 ). Nevertheless, the gen-

eral consensus lied behind that the extension of canopy

cover will increase the ET rate as a consequence of hav-

ing deeper tree roots and consuming increased soil mois-

ture ( Adane et al., 2018 ; Sheil, 2018 ; Zhang et al., 2001 ).

Two methodological aspects have remained ET induced by

LCC at regional and global levels uncertain: insufficient

perennial consistent and continuous observations of histor-

ical LCC and restricted investigations on diverse hydrolog-

ical effects of LCC characteristics ( Cornelissen et al., 2013 ;

Lawrence et al., 2016 ; Peel et al., 2010 ; Pielke et al., 2011 ;

Sheil, 2018 ). In line with a swift accumulation of canopy

cover data throughout recent decades by remote sensing

( Song et al., 2018 ), the potential impacts of LCC on regional

and global ET using satellite data are now assessable, how-

ever, these types of investigations have rarely been un-

dertaken at a regional or global level. Vast majority of

the historical LCC impacts on a regional or global ET has

enabled numerous scientists to obtain several scenarios

of LCC based on discrete and fully constructed land use-

land cover (LULC) maps ( Gordon et al., 2005 ; Sterling &

Ducharne, 2008 ). But, scientists have reported reasonable

biases in these LULC maps. These scientific biases are em-

anated from non-continuous LCC periods, inconsistent def-

initions and terms between land use and land cover, and

lastly, the use of different spatial and mathematical mod-

els for generating LCC ( Klein Goldewijk & Verburg, 2013 ;

Lawrence et al., 2016 ). 

Meanwhile, the identification of LCC characteristics is

important and the most challenging task for the quantifi-

cation of hydrological impacts. Vegetation type, biomass

cover, tree stand age, and the matrix of transition can be

classified as characteristics of LCC. Moreover, differences in

reference ET (ET o ) between deciduous and evergreen for-

est areas were not significant ( Peel et al., 2010 ). Numerous

forest species can own marginal age-related differences in

water consumption, and therefore there was no significant

transpiration can be observed between old and newborn

forest species ( Vertessy et al., 2001 ). Mostly, canopy cover

is commonly utilized for characterizing LCC ( Song et al.,

2018 ; Sterling & Ducharne, 2008 ) and for the impact as-

sessment of LCC on water consumption ( Jaramillo et al.,

2018 ; Zhou et al., 2015 ). In the recent years, hydrological

observations showed that agriculture and leaf area change

are the key characteristics considering the impact of LCC

on actual ET rates in (semi-)arid region. 

1.1. Role of leaf area index and barren soil in increased 

reference evapotranspiration 

The leaf area index (hereinafter, LAI) is considered

as the dominant indicator in environmental and agricul-

tural research. LAI is vastly utilized to monitor the crop
2 
growth, and to optimally manage and forecast the yield in 

agricultural crop production ( Gundalia & Dholakia, 2017 ). 

LAI is also used as a crucial systemic characteristic in- 

timately relevant to the crop population size and crop 

yield ( Alexandris & Proutsos, 2020 ). Aligning with that sev- 

eral explorations have contributed to the clarification of 

the relationship between LAI and crop yield, canopy den- 

sity and structure ( Jabloun & Sahli, 2008 ; Wang et al., 

2019 ). These investigations revealed that LAI increases with 

reference to increasing of crop density. Here, the opti- 

mum crop density is used to optimize canopy structure 

( Vanderlinden et al., 2004 ). Yet, increased biomass density 

can cause a high LAI, leading to self-shading and yield loss 

due to the competition for soil nutrients, solar radiation, 

water, and mineral and organic fertilizers ( Almorox et al., 

2015 ; Awal et al., 2020 ). Furthermore, previous surveys 

have reported that the ET o rate between different biomass 

densities can supervened the LAI differences ( Kwon & 

Choi, 2011 ; Samani, 20 0 0 ). Agricultural crop yield and ET o 
assist to determine the efficiency of water use. Thus, the 

determination of optimal LAI can be subject to water use 

efficiency and crop yield. 

1.2. Climate driven factors for increased reference 

evapotranspiration 

According to climatic conditions, in (semi-)arid regions 

of the planet, agriculture endures the quantity and qual- 

ity issues of water resources ( Li et al., 2018 ). Agricultural 

water demand straightforwardly relies on crop pattern and 

ET o , hence it is salient to settle the correct value of ET o for 

agricultural surveys such as managing and designing irriga- 

tion systems, sustainable management of water resources, 

and simulating crop production ( Talebmorad et al., 2021 ). 

Under global climatic variations, the tendency for the 

ET o rate and its link with climatic factors are exten- 

sively pondered ( Croitoru et al., 2020 ; Irmak et al., 2012 ; 

Nagler et al., 2021 ; Roderick & Farquhar, 2004 ). Engross- 

ingly, Ghassemi et al. (1995) discovered that whilst surface 

temperature repeatedly increased, evaporation from land 

surface at the same time decreased. In the past decades, 

numerous scientists have briefly investigated the side ef- 

fects of climatic variations on the spatio-temporal features 

of ET o ( Nagler et al., 2020 ; Speranskaya, 2016 ; Xu et al., 

2006 ). For instance, ET o has gradually decreased in the 

majority (semi-)arid countries, and it was assumed that 

this decrease could be caused by reduced solar radiation 

and wind speed ( Nouri et al., 2020 ; Zhang et al., 2016 ; 

Zhao et al., 2016 ). An increase in the ET rate was due to 

the reduced relative humidity and increases in wind speed 

in some regions ( Abbasi et al., 2021 ; Burn & Hesch, 2007 ; 

Dinpashoh et al., 2011 ; Jarchow et al., 2022 ). 

Additionally, scientists concluded that ET o is severely 

influenced by land use change indicators such as LAI 

( Sun et al., 2008 ). This was believed and as evidenced 

above that LCC had higher impact on global water cycle 

than climatic variations ( Xu et al., 2006 ) and this may 

mask the climate change effects ( Hao et al., 2015 ). 

The vulnerability of diverse ET o models to the signals of 

global climate change was evaluated in a semi-arid region 

( Sabziparvar, 2009 ). Potential findings of this investigation 
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demonstrated that the majority of ET o models manifested

the most severe sensitivity to solar radiation (in the short-

term) and surface temperature (in the long-term). Consid-

ering 10% potential change in climate factors throughout

the growing season of agricultural crops, scholars antici-

pated that an increase in surface temperature can cause a

∼8% growth in ET o in 2050 ( Singh et al., 2016 ). Moreover,

the susceptibility of ET to surface temperature and atmo-

spheric rainfall was explored within the historical period

from 1970 to 2006 ( Chaouche et al., 2010 ). Mann-Kendall

approach (non-parametric) was applied to examine the po-

tential significance of trend in climate factors in this study.

The Hargreaves-Samani method was utilized to calculate

the ET o from agricultural land. Eventually, results revealed

an upward trend in yearly records of surface temperature

and ET. 

1.3. Relevant global and local studies 

Numerous ET estimation methods and models exist

to scrutinize the possible factors that contribute to ET o
( Shao et al., 2019 ; Zhou et al., 2019 ) and hydrological mod-

elling ( Yang et al., 2021 ). These two approaches are com-

pounded and still demand a substantial knowledge of soil

properties such as soil texture, resistance, soil moisture,

and particle diameter and ecological and physiological in-

dicators of canopy such as roughness and stomatal con-

ductance ( Dey & Mishra, 2017 ). Listed indicators are usu-

ally hard to derive in data-scarce regions. Since these ap-

proaches are considered as process-based and their results

mainly depend on generated hypotheses, often, their out-

puts ranges notably from each other ( Zhang et al., 2016 ;

Zhao et al., 2015 ). Moreover, scientifically inadequate long-

term observations hinders the calibration and validation of

model-based estimations and restricts the complete under-

standing of mechanisms at play ( Li et al., 2018 ). Still, the

Hargreaves-Samani (hereinafter, HS) framework renders a

widely applicable method to split the contributions of sole

indicators to global hydrological cycle ( Jiang et al., 2015 ;

Yang et al., 2021 ). 

Correspondingly, the HS has experienced large-scale ap-

plication in partitioning the contributions of hydrological

indicators. For instance, the HS framework was applied for

quantifying the streamflow response to soil degradation in

China ( Yang et al., 2020 ). Teuling et al. (2019) utilized this

approach for determining the possible climate change im-

pacts, afforestation, and urbanization on ET o in Europe. Be-

sides that, an analysis-based solution for the impact of LCC

on hydrological subdivision was proposed upon the HS ap-

proach ( Ning et al., 2020 ). The output of these investiga-

tions has rendered a universal system to tackle with the

climate and land surface change impacts on hydrological

processes. As having the previous insufficient long-term

ET o observations or valid ET o sources, few scientific contri-

butions have addressed to dividing the ecological and en-

vironmental change impacts on ET o . 

In the case of Uzbekistan, this country is perceived

as the biggest irrigation farming country in Central Asia.

The proper determination of crop water demand can inter-

vene the massive wastage of surface water which is com-

mon in Uzbekistan ( Duchemin et al., 2006 ; Stancalie et al.,
3 
2010 ). To minimize or economize the water use in Uzbek- 

istan ( Khaydar et al., 2021 ), systematical irrigation of the 

crops is essential based on their physical water demand, 

including potential ET ( Abdullaev et al., 2009 ; Conrad et al., 

2020 ). Nationwide, the FAO CROPWAT model is a fre- 

quent approach to calculate the real crop water con- 

sumption considering its practicability ( Allen et al., 2005 ; 

Srivastava et al., 2020 ; Tan & Zheng, 2019 ). 

At a national level, ET o and crop water demand in 

Uzbekistan throughout 2004–2017 were evaluated using 

the FAO Penman–Monteith method and the net irriga- 

tion requirement was also reported ( Khaydar et al., 2021 ). 

Moreover, the modified ET o HS equation was also ap- 

plied to estimate ET o in a typical arid zone in the south- 

ern Uzbekistan ( Gafurov et al., 2018 ). In this investiga- 

tion, there was a lack of data on humidity, solar radiation, 

and wind speed due to outdated technical capacity in line 

with financial restrictions of local weather stations. There- 

fore, this research has not been fully finalized that created 

an opportunity to conduct this actual research. Calculating 

ET o has nowadays a greater importance for wholly com- 

prehension of water cycle in Uzbekistan ( Gafurov et al., 

2018 ). As far as ET-based irrigation systems are commonly 

embraced by local water consumers’ associations, this can 

enable increased water savings that could be rerouted to 

further expand agricultural lands under the risk of global 

famine possibly emanated from the current geopolitical 

conflicts and rehabilitate national ecosystem. 

Considering all the above, the aim of this paper is to 

gain further knowledge of the drivers of the high and ac- 

tual ET o rate by addressing the following objectives: (1) 

creating initial and perennial LULC maps; (2) first time 

mapping LAI in the agricultural land; (3) mapping the 

perennial solar radiation data; and finally, (4) measuring 

perennial ET o of a typical arid region of Uzbekistan using 

the HS approach. 

2. Study area 

Uzbekistan, a land-locked country ( Fig. 1 ), is located in 

the heart of Central Asia sandwiched between the Amu 

Darya and the Syr Darya rivers. The country’s entire land 

area is 447,400 km 

2 , with roughly 43,0 0 0 km 

2 utilized for 

agricultural purposes. The geography of Uzbekistan is char- 

acterized by large lowlands and deserts, as well as foothills 

and mountain ranges. Because of its geolocation, Uzbek- 

istan experiences dry and continental weather through- 

out the year, and thus classifying as a (semi-)arid region 

( Khasanov et al., 2022 ). Uzbekistan has a distinct climate, 

with long and dry summers, cool and moist falls, and 

severe winters ( Ivushkin et al., 2017 ). In the peak sum- 

mer time (July), the average air temperature reaches 28 °C, 

while it drops 1 °C in January. The average sum of yearly at- 

mospheric precipitation is around 430 mm ( Ivushkin et al., 

2017 ). 

Karakalpakstan (officially known as The Autonomous 

Republic of Karakalpakstan) is located in northwest Uzbek- 

istan, specifically southeast to southwest of the Aral 

Sea ( Fig. 1 ). Karakalpakstan is esteemed the lodestone 

of the Aral Sea Catastrophe where socio-economical 

and ecological problems are arisen and certainly acute 
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Fig. 1. Location of study area 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

( Begdullayeva et al., 2007 ). Moreover, Karakalpakstan

shares its borders with the Kyzylkum Desert to the north-

west, the Amu Darya River delta and the Ustyurt Plateau

to the southeast. Deserts and semi-deserts define its land-

scape and comprise around 40% of the entire region.

Karakalpakstan is the biggest administrative region accord-

ing to its territory in Uzbekistan, covering the area of

165,0 0 0 km 

2 . Karakalpakstan is home to roughly 1.8 mil-

lion (5.9% of the total population of Uzbekistan), whereas

approximately a half of the residents inhabit in rural ar-

eas. As its climate is semi-arid and sharply continental, hot

and dry summer and drizzling winter weathers can be ob-

served. The average annual air temperature is + 9 °C, fol-

lowed by the average minimum of −12 °C (absolute mini-

mum recorded −40 °C) and the average maximum of + 35 °C
(absolute maximum recorded + 46 °C) ( Begdullayeva et al.,

2007 ). Perennial mean of the total atmospheric precipi-

tation is 160 mm, majority falling in winters and early

spring. The regional agricultural activities is only possible

with irrigation. Karakalpakstan has about 50 0,0 0 0 hectares

(ha) of arable land ( ∼3% of its total territory) that is

prone to agricultural threats such as soil salinization, un-

sustainable agricultural activities, rising highly-mineralized

groundwater, irrigation mismanagement and unfunctional

drainages, and seasonal and long-term drought and sand-

storm ( Begdullayeva et al., 2007 ). 

3. Data acquisition 

3.1. Remote sensing data 

Spatial data analyzed in this research were derived by

MODIS from Google Earth Engine (hereinafter, GEE). GEE
4 
allots remotely sensed imagery available for global public 

that can be operated a diversity of (non-)educational pur- 

poses. For long-term LCC analysis, the MODIS Terra im- 

agery was utilized. This imagery was the 16-day 250 m 

spatial resolution image for land cover analysis (MCD13Q1) 

( Ituen & Hu, 2021 ) and the 500 m spatial resolution for 

solar radiance (MOD09A1.006) ( Li et al., 2021 ). Simple in- 

terpolation method (Inverse Distance Weighting) was un- 

dertaken for void filling on both spatially and temporally. 

The MODIS dataset with a total of 42 satellite images 

(21 images for the period 2001-2021 in April, when win- 

ter wheat reaches its maximum biomass; 21 images for 

the period 2001-2021 in August, when cotton reaches its 

maximum biomass) was utilized for LCC and LAI maps. 

The derived data in GEE have as usual undergone prepro- 

cessing stages. LCC and LAI mapping was conducted with 

the GEE code editor ( GISGeography, 2022 ), Erdas Imagine 

2020 ( Hexagon, 2020 ), and ArcMap 10.8 ( Redlands, 2020 ). 

Notably, though Normalized Difference Vegetation Index 

(hereinafter, NDVI) and Soil-Adjusted Vegetation Index 

(hereinafter, SAVI) were employed considering their histor- 

ical success as affirmative measurement tools on vegeta- 

tion monitoring, our approach could support other find- 

ings, such as LAI and solar radiation, which were explored 

in latter sections below. 

Preliminary image pre-processing was performed to 

remove the unfavorable voids, systematically created by 

atmospheric obstrusions. The MODIS Terra imagery at 

250 m spatial resolution was readjusted considering at- 

mospheric conditions (e.g., aerosols, gasses, and Rayleigh 

scattering) ( Ituen & Hu, 2021 ). Similarly, The MODIS Terra 

imagery at 500 m spatial resolution from GEE comprises 

https://code.earthengine.google.com/
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Fig. 2. Air temperature records of Karakalpakstan 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

atmospherically readjusted bi-directional reflectance, hav-

ing been masked for clouds, heavy aerosols, water, and

cloud shadows. The next step of image pre-processing was

to smooth input data by removing potential atmospheric

noises. In our paper, we applied a Savitzky-Golay filter

( Ituen & Hu, 2021 ), asymmetric Gaussian, and (double)

logistic smoothing as a smoothing tool. 

3.2. Climate factors 

In regards to the long-term weather observation dataset

from 2001 to 2021 ( Uzhydromet (Center of Hydrometeoro-

logical Service of the Republic of Uzbekistan), 2021 ) regis-

tered in the weather towers in Karakalpakstan, the peren-

nial average air temperature of July or the peak summer

time exceeds + 30 °C, whereas in January (the peak win-

ter time) it is nearly -2 °C ( Fig. 2 ). Mean annual sum of

long-term atmospheric precipitation was around 160 mm.

Considering these climatic conditions and vast majority

part of agricultural lands is irrigated in Karakalpakstan,
5 
the growing season usually starts from April and ends in 

October. 

4. Data analysis 

4.1. Land cover change analysis and solar radiation 

As discussed above, the LCC detection in our research 

was conducted over 21 years, beginning in 2001, using 

MODIS data to evaluate the severity of changing dynam- 

ics in land cover every year. Yet, we plotted maps in this 

paper for every five years. A tool of super pixels as the 

reference for analysis to detect and track LCC was em- 

ployed in lieu of the conventional pixel-based approaches 

( Jenicka, 2021 ). Additionally, we used Java scripting to plot 

the final LCC maps. On the other hand, an arbitrary neigh- 

borhood surrounding each pixel in the remotely sensed 

image was used as samples, for which pixel value could 

not come after the random distribution. To measure the 

true size of super pixels, a semivariogram was utilized to 
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Fig. 3. Land use and land cover change maps of Karakalpakstan (Uzbekistan) through 2001-2021 

Fig. 4. Changing direction of land use and land cover classes in Karakalpakstan throughout 2001-2021 

6 



U. Makhmudova, S. Khasanov, A. Karimov et al. Ecohydrology & Hydrobiology xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: ECOHYD [m3Gdc; March 22, 2023;6:52 ] 

Fig. 5. Leaf area index maps of the agricultural land of Karakalpakstan (Uzbekistan) from 2001 to 2021 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

analyze the spatial variations of Karakalpakstan displayed

in the MODIS data. As the input to used semivariogram,

the first principal component of the MODIS dataset was

served. Hinged on the first three principal components of

MODIS dataset that cover the entire optical bands, the su-

per pixels were derived. 

In regards to solar irradiance, we used an existing

framework to evaluate and measure daily average net so-

lar radiation clear and cloudy sky conditions through us-

ing the MODIS data, onboard from the Terra satellites. The

most reliable, Bisht et al. (2005) approach is employed

for the portion of clear sky of the MODIS overpass, on

the other hand for cloudy sky portion of the MODIS over-

pass an extension of Bisht et al. (2005) framework was

utilized. This extension of Bisht et al. (2005) framework

uses the MODIS cloud data imagery (i.e., MOD06_L2) for

cloud fraction, cloud top temperature, cloud optical thick-

ness, cloud emissivity, and surface temperature for cloudy

days. Through this methodology, we build first solar irradi-

ance map for Karakalpakstan in this paper. 

4.2. Leaf area index 

After having obtained the multispectral images using

MODIS from GEE, the agricultural land of Karakalpakstan

was extracted by using vegetation indices (i.e., NDVI). We

then converted the output of vegetation indices to LAI for

each year ( Ma et al., 2021 ). By using Java script in the GEE

code editor, we calculated LAI for Karakalpakstan according
7 
to Equation (1) . 

LAI = T otal lea f area · Land area −1 (1) 

4.3. Vegetation indices 

Two vegetation indices, including NDVI and SAVI were 

studied. As evidenced, the NDVI is the most commonly and 

globally used vegetation index Shammi & Meng, 2021 ). It is 

defined as (2) : 

N DV I = ( N IR − −RED ) · ( N IR + RED ) 
−1 (2) 

where, RED and NIR – atmospherically adjusted reflectance 

in the red and near infrared bands. 

To compare with NDVI, SAVI has a soil-adjusted fac- 

tor diverted to alleviate noises caused by several soil scat- 

tering ( Bannari et al., 1995 ). Here, this soil-adjusted fac- 

tor is alluded to as “L”. SAVI is defined by the following 

Equation (3) : 

SAV I = ( NIR − RED ) · ( 1 + L ) · ( NIR + RED + L ) 
−1 (3) 

where, L – soil-adjusted factor of SAVI. An optimal value, 

which is equal to 0.5, is recommended by Huete (1988) . 

Once we located green vegetation and calculated LAI for 

the agricultural land of Karakalpakstan, our next step was 

to identify the barren soil areas. This was performed by 

extracting the agricultural land by masking the vegetation 

cover. The open areas were then classified as a barren soil. 
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Fig. 6. Solar radiation map of Karakalpakstan (Uzbekistan) within 2001-2021 

 

 

 

 

 

 

 

 

 

 

 

 

4.4. Hargreaves-Samani method 

The HS equation ( Talebmorad et al., 2020 ) demands de-

creased observations, with only solar irradiance, maximum

air temperature and minimum air temperature for calcula-

tion of ET o ( Equation 4 ): 

ET o HS = 0 . 0135 · k Rs · R a 

√ 

T max − T min · ( T a + 17 . 8 ) (4)

where, 0.0135 – conversion factor from American to the In-

ternational system of units; k Rs – coefficient of radiation

adjustment (commonly, k Rs = 0.17 is applied); R a – daily

solar irradiance; T max – maximum air temperature; T min –

minimum air temperature; and, T a – average daily air tem-

perature. 

4.5. Evaluation 

To evaluate the HS results, the relative error percent-

age (hereinafter, REP), the root mean square error (here-

inafter, RMSE), and coefficients of determination were em-

ployed in this paper. The equation for RMSE is given below
8 
( Equation 5 ): 

RMSE = 

√ ∑ n 
i =1 ( P i − O i ) 

∧ 2 

n 

(5) 

where, P i – predicted values of ET 0 HS; O i – observed ET 

values; and, n – total number of records. 

5. Results and discussion 

5.1. Creation of land use and land cover map for 

Karakalpakstan 

Human-induced factors and activities can have a po- 

tential to adversely influence the global water cycle, thus 

affecting ET o in a region of Karakalpakstan. LCC directly 

and, somewhat, indirectly reflects how damaging the an- 

thropogenic activity in an area is. The footprint of LCC on 

ET o in a particular region mostly originates from phys- 

ical changes to the surface, affecting the ET o efficiency 

( Dias et al., 2015 ; Douglas et al., 2009 ). In this section, 

the reclassified MODIS LULC map of Karakalpakstan ( Fig. 3 ) 

throughout 2001-2021 demonstrates that: (1) grasslands 
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are mainly located in the northwestern and central part of

the region; (2) barren lands are as the predominant fea-

ture class in the maps located in the western and east-

ern part of the study area; (3) croplands in the study area

are remarkably dynamic over time: in 2001 these lands

occupied minority territory of the region, but after hav-

ing massive implementation of policy-induced agricultural

practices in Uzbekistan (i.e., land owning), these areas have

expanded from 10,300 km 

2 to 17,150 km 

2 between 2001-

2021; (4) areas under urbanization over 21 years in the

region were almost invisible in the maps ( ∼3,400 km 

2 );

(5) initially, wetlands did not exist in 2001, however, after

2006, wetlands have significantly expanded over time by

10,600 km 

2 . This was assumed to become one of the seri-

ous consequences of the Aral Sea Catastrophe; and, (6) en-

grossingly, areas under water were almost stable over time.

Since the huge bulk (eastern part) of the Aral Sea has been

dried up, the codes created by Java script revealed a wa-

ter body in this territory. This can be occurred due to two

reasons: (1) misclassification/insufficient ground truth data

and (2) coding is extremely sensitive to swamp by system-

atically converting this area into water. 

Fig. 4 exhibits the changing direction in the propor-

tions of LULC types in Karakalpakstan within 2001–2021

( p < 0.01 ). Water bodies in the LCC maps covered ap-

proximately 19,700 km 

2 area in 2001, after having expe-

rienced oscillations, in 2021 this figure was 20,500 km 

2 .

The same tendency was also observed in the relevant study

conducted by Aslanov et al. (2021) . Here, we propose to

conduct the sensitivity analysis of coding in Java script to

detect LCC as a separate study. Since our main interest by

this research expresses on the agricultural land of the re-

gion, we did not fully investigate the coding sensitivity. Re-

garding the barren land, in 2001 this class of LULC occu-

pied almost 97,400 km 

2 , by experiencing a dramatic down-

ward tendency, by 2021 this class outnumbered as around

89,500 km 

2 . The significance of barren land in this study

is to track whether due to which land cover feature it in-

creased or decreased. This can be perceived that the dra-

matic shrinkage of barren land in the region was massively

due to the conversion to grassland surrounding the former

Aral Sea shoreline ( Novitskiy et al., 2021 ). Grasslands, on

the other hand, as barren land declined remarkably. This

territory was around 36,100 km 

2 in 2001, and decreased by

27,400 km 

2 in 2021. As grasslands expanding in the barren

lands, from other side, these lands have been owning for

agricultural purposes, by converting these lands to crop-

lands in the region. In regards to wetlands, until 2006, this

class did not exist or could hardly be differentiated in the

LULC maps. However, in 2011 wetlands sharply expanded,

and this expansion has continued by 2021, occupying al-

most 10,500 km 

2 . As urban lands were almost invisible in

the maps, if we refer to Fig. 4 , we can see there has been

a gradual increase in the urbanized territory, taking place

on extra 400 km 

2 within 21 years. Lastly, croplands were

in roughly 10,0 0 0 km 

2 in 20 01, this figure rose by around

16,0 0 0 km 

2 by 2021. 

The LCC maps created above could serve as an imput

to calculate the LAI values from agricultural/crop lands of

the study area. This could contribute to locating the crop-

lands according to the type of agricultural crops, and even-
9 
tually, calculating the crop evapotranspiration considering 

the chosen types of crops in the future studies. 

5.2. Measuring Leaf Area Index for Karakalpakstan 

Since in Karakalpakstan the main crop types are cot- 

ton and winter wheat, the LAI calculations were performed 

separately for cotton (August) and winter wheat (April) us- 

ing NDVI first, and then, SAVI to further enhance the re- 

sults by removing soil noise. The output LAI maps were 

then stacked together to generate one single map. The LAI 

change in the agricultural land of Karakalpakstan showed 

a sharp decrease (2001) – gradual increase (2011) – steep 

decrease (2021) over 21 years ( Fig. 5 ). From the figure, the 

northern part of the study area experienced restricted LAI 

0.5 m 

2 m 

−2 in 2001, despite having a slight increase (LAI 

1.1-3.5 m 

2 m 

−2 ), by 2021 the tendency showed the same 

result (LAI 0.5 m 

2 m 

−2 ) as recorded in 2001. In the cen- 

tral part of the agricultural land of the region the LAI val- 

ues were pretty dynamic ranging from LAI 2.5 m 

2 m 

−2 to 

its maximum LAI 5.1 m 

2 m 

−2 throughout 21 years. By this 

tendency, we can assume that this part of the agricultural 

land is the most suitable for agricultural practices accord- 

ing to Stewart & Peterson (2015) . In the southern part of 

the agricultural land of the region the LAI values relatively 

low, varying from LAI 0.3 m 

2 m 

−2 to LAI 1.2 m 

2 m 

−2 . Inter- 

estingly, some parts of this area of interest had increased 

LAI values (4.0-4.7 m 

2 m 

−2 ), still becoming unsuitable land 

for agriculture ( Stewart & Peterson, 2015 ). 

5.3. Measuring perennial solar radiation 

As Karakalpakstan is located in a typical dryland of the 

world, due to its geographical location, the sun shine is ex- 

tremely abundant. The average sunny days in Karakalpak- 

stan are 260 days in a year ( Kulmatov et al., 2018 ). There- 

fore, in some circumstances, we can witness that agri- 

cultural crops have stopped developing because of ex- 

cessive solar irradiance. To measure radiation, we used 

Bisht et al. (2005) methodology to mask the solar irra- 

diance from MODIS dataset. This was conducted firstly 

in the case of Karakalpakstan. As this indicator takes an 

important role in the ET calculation, we plotted average 

monthly solar irradiance reaching the agricultural land of 

Karakalpakstan ( Fig. 6 ). 

As visualized above, the agricultural land in the region 

receives excessive solar radiation in July ( > 900 W/m 

2 ). 

The sparsest solar irradiance can be observed in January 

with an average of 330 W/m 

2 . The distribution of solar ra- 

diation across the agricultural land of the study area was 

decently certain over time. To assume, there is no side ef- 

fect of climatic variation on solar radiation. However, in- 

creased solar irradiance over-burns crops, leading to a de- 

crease in crop yield ( Cossu et al., 2014 ). 

5.4. Measuring ET o for croplands of Karakalpakstan 

ET o intensity is mutually influenced by solar radia- 

tion, air temperature, and crop LAI ( Yang et al., 2022 ). 

Fig. 7 illustrates calculated average monthly ET o values us- 

ing the ET o HS approach from 2001 to 2021. As an input, 
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all the elements to fulfill the HS equation were formed

in the average monthly values. For the maximum and

minimum air temperatures, we considered the average

perennial minimum and maximum values recorded in the

weather stations in the study area. 

In regards to our findings, the tendency for ET o was

not dynamic so far over time as observed in solar radi-

ation maps above. Besides, we executed a simple corre-

lation analysis between LAI and calculated ET o and we

found that these two variables are slightly correlated each

other (R = 0.57). This contradicts the research results by

Lima et al. (2013) , who identified overestimates of ET o val-

ues in the HS approach in contrast to other ET calculation

methods in Brazil. As air temperature ( Fig. 2 ), the aver-

age monthly maximum ET o rate in agricultural lands was

observed in July with almost 10 mm, while the average

monthly minimum was recorded in January with around

2 mm. Moreover, the mean approximate relative error per-

centage of ET o HS throughout the experimental years out-
10 
numbered 12%, 15%, 14% and 10% in four seasons, respec- 

tively. In the similar investigations conducted in Uzbek- 

istan, the annual ET o for the year of 2016 accounted for 

1,573 mm with 8.87 mm/day (maximum) and 1.25 mm/day 

(minimum) ( Gafurov et al., 2018 ). Another similar research 

was conducted in the neighboring Khorezm province of 

Uzbekistan by Awan et al. (2011) , in which the HS method 

revealed 1,375 mm ET o with 7.36 mm/day (maximum) in 

July and 0.64 mm/day (minimum) in January for long-term 

analyses from 1987 to 2005. 

Regarding the ET o estimations, the correlation between 

average monthly ET o HS and LAI values of crops was suffi- 

ciently high with R 

2 of 0.77 in 2001, 0.82 in 2011, and 0.79 

in 2021, and as an indicator showing the statistical signif- 

icance, p -values were far below 0.01. With respect to the 

decreased values of RMSE ( ∼0.09), the ET o HS method that 

was failed to put into practice in Kashkadarya province of 

Uzbekistan ( Gafurov et al., 2018 ) can now be utilized to es- 

timate the potential ET o from agricultural land. Specifically, 
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the RMSE of ET o HS were ∼0.06 in 2001, ∼0.07 in 2011, and

∼0.14 in 2021. 

6. Conclusions 

By the multifactorial analyses of the perennial air tem-

perature, LCC, LAI, solar irradiance, and ET in a typical dry-

land of Uzbekistan, we found that increased crop density

in agriculture and the conversion of barren soil to grass-

lands to rehabilitate the seashore ecosystem of the Aral Sea

significantly influenced LAI. Tracking the perennial spatial

changes in the LAI area in Uzbekistan has not previously

been investigated. Therefore, this research could contribute

to the general understanding of the LAI environment of

Uzbekistan and we designed a simpler approach to calcu-

late LAI hinged on the values of the vegetation indices. It

is evident to note that there is no role of LAI in the ET 0
estimation, but with this study we stepped forward to for-

mulate the input variable (LAI) to calculate crop evapo-

transpiration which will be investigated in our future re-

search. Yet, we witnessed that the LAI expansion in the

agricultural land of Karakalpakstan slowly accelerated the

ET o rate (R = ∼ 0.6) that was the key influencer of an in-

crease in crop water demand. Interestingly, we can witness

that measured solar radiation and ET o were certain over

time, by showing the almost identical values for each.. 

According to our findings, the ET o HS method is highly

applicable for estimating regional ET o in the agricultural

land under arid continental climate. The main advantage

of the HS method for successfully running the ETo estima-

tion in this study was the straightforward equation, with-

out requiring model outputs. Measuring ET o is crucial for

ultimately intervening and getting deeper insight into the

water balance of natural systems, especially for large-scale

irrigated areas. This is necessary in regional water manage-

ment, as water resources must be clearly handled from the

river basin through irrigated fields. If irrigation consider-

ing ET is extensively adopted by Uzbek water consumers, it

can reflect on greater water savings that can be transferred

to develop and rehabilitate agricultural and ecological sta-

tus of the region. Furthermore, the findings show that the

HS method used in our investigation can be utilized to

measure potential ET o in data-scarce regions and to antici-

pate future ET o values based on global climate models ac-

cording to observed low RMSE values. This will assist to in-

form and facilitate decision-making in agriculture and im-

plement more effective agricultural practices in irrigation

scheduling, water management, and crop production. 
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