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Abstract

Calculation of the components of water balance is very important in water resources management. One
of the key components of balance is estimation of the amount of water drained by wells, springs and
Qanats. Calculation of this parameter is too costly and time-consuming because of the need for field
visit and field measurement. In order to solve these problems and to calculate the discharge amount of
water resources in short period of time, using remote sensing technology and satellite images can be
useful. Accordingly, actual evapotranspiration, the most important component of water-balance
equation has been calculated and evaluated using this technology. The scope of the study in this
research is the Chahgir plain of Abarkouh where underground water drop has caused many problems
in the area. For this purpose, six Landsat 8 satellite images (OLI and TIRS sensors) during the period
of June to September (2016) in Julian days 174, 190, 206, 222, 238 and 254 as well as meteorological
data of two synoptic stations were used and SEBAL method was applied to estimate actual
evapotranspiration. The results of the study and its comparison with the data obtained from smart
meters (installed on the wells) with a 7.2 percent error indicates high accuracy of remote sensing data
and used methods. Also, the amount of net groundwater extraction is estimated 1.07 million cubic
meter (MCM) that comparison by pumping volume data (3.98 MCM), shows low efficiency and high
water loss in the case study.
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1. Introduction

Estimation of the balance and values for input and output components will play a decisive role in any
planning for the quantitative and qualitative management of these resources (Bagheri, 2012). In recent
decades, there are many qualitative and quantitative problems with groundwater resources. Overuse, lack
of attention to exploitation based on sustainable development, climate change and consequently
precipitation reduction and drought are the factors that have made this situation. Therefore, management of
water resources especially groundwater needs to measure and control its exploitation. Unavailability of
statistics on the rate of discharge of aquifers and use of it in different parts are important problems for
planners and managers of the country’s water sector. The common traditional method of measuring the
amount of pumping out of the groundwater table, is based on direct measurement and field visit of water
resources by human which in addition to being costly is time-consuming. Estimation of the amount of
groundwater harvesting depends on number of active wells, outflow discharge and operating time which is
difficult to determine their true value and in some cases unreliable (Ahmad, 2002; Maupin, 1999).
Furthermore, lack of cooperation of farmers and unauthorized harvesting make the work more complicated.
In line with this need, the legislator has ordered people to install smart meters to measure the amount of
volume of water extracted from groundwater table. It is a great move that in addition to the precise
measurements of devices, it requires the cooperation of the exploiters on installation and maintenance of
intelligent measuring instruments. But since smart meters are installed just on the authorized wells, planners
are not able to measure the amount of water extracted from other water resources like agueducts, fountains
and unauthorized wells. In order to solve this problem, collecting data in large amounts and less time, the
use of satellite images and Remote Sensing (RS) technique are very effective. RS provides the possibility
of estimation of hydrologic parameters on a large scale and spatially with a high accuracy (Bos et al., 2001).

In these regards, several researches has been done on using remote sensing for groundwater studies
(Ghulam et al., 2004; Girotto et al., 2019; Jha et al., 2007; Sadaf et al., 2019; Salehi et al., 2018). One of the
RS based approaches in groundwater components is using water balance calculation which recently applied
by several research (Ahmad et al., 2005; Bagheri et al., 2017; Deus et al., 2013; Gafurov, 2010; Mekonnen,
2005; Muthuwatta et al., 2010; Senay et al., 2011; Thoreson et al., 2009 and Zhang et al., 2016).

The research by Ahmad et al. (2005) is one of the few studies that have been conducted in order to
estimate the amount of net groundwater harvesting using this technology and water balance methods. In this
study, net ground water use was as a passive component and rainfall, actual evapotranspiration (ET),
moisture changes in the soil unsaturated area and the amount of irrigation water by channels were the
computational components of their method that they were estimated from October 1993 to October 1994
using images of AVHRR sensors and Landsat satellite in the Rechna Doab in Pakistan. Eventually, the map
of the net amount of groundwater used was gained by preparing spatial data, which is one of the main
components of water balance. In their study, SEBAL model was used to estimate actual evapotranspiration
and Scott, Bastiaanssen, and Ahmad (2003) model was used in order to estimate soil moisture. The
comparison of their result with SWAP model showed high accuracy and low error of remote sensing
methods in estimating of actual evapotranspiration and soil moisture (Ahmad et al., 2005). In Iran (Bagheri
et al., 2017) calculated the net amount of groundwater use by remote sensing technology in the Lake Urmia
basin. The satellite images used were from Modis sensor and the study took place from 2000 to 2008. The
results and evaluation showed the method used for the study area has had acceptable accuracy.

Lack of ground station for analysis, are the research limitation in RS based models and algorithms,
spatially in groundwater modelling. Literally, the hypothesis of the research is based on actual ET
calculation, net groundwater extraction can be estimated by Landsat 8 RS-data in agriculture area. In this
study, an innovation was applied. The smart meter data which has been installed on the tube wells were
used. Also, in this study, using Landsat 8 data with pan sharpening technique to produce 15-meter resolution
was another innovation. So, it was tried to estimate and evaluate net volume of water harvested from
groundwater resources in Chahgir plain for the first time.
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2. Material and Methods
2.1. Study area

The study area is the Chahgir plain which is sub-basin and a part of Abarkouh desert watershed. This
plain is placed in the southwest of Yazd province and northeast of Fars province, between geographical
longitudes 53° 25 and 54" and between geographical latitudes 30°30  and 31°55. Its medium altitude is 1776
meters above the sea level. Average annual rainfall in this plain is 72.2 millimeters and annual evaporation
is 3171 millimeters and the average annual temperature is 16.7°C. Reducing in the groundwater inflow due
to drought and also overuse of agricultural wells, increasing the saltwater of playa adjacent to the plain
(Abarkouh desert) have caused severe changes in the water quality of the area. In terms of water resources,
39 agricultural wells and two fountains called Beghdaneh and Darehbagh are groundwater drainage
resources in this plain. In terms of agriculture, the pistachio is the dominant cultivation. The study area in
terms of geology is a part of central Iran Zone and it is in the vicinity of the Sanandaj-Sirjan Zone. Old
formations of the area are shale and Silurian sandstone covered by shale, sandstone, coal shale and
sometimes yellow and brown Devonian Dolomite. On these formations, there is the huge Jamal formation.
Totally, in this area, tectonic and stratigraphy follow the trend of Central Iran Zone. In terms of geology,
Chahgir sub-basin is divided into two parts. The northwestern part that some agricultural wells are already
drilled in this area and it consists of alluvium and rocks which are mainly carbonate. The wells of this area
are usually shallow and they have fresh water with electrical conductivity of two to three thousand
micromhos per centimeter. Of course, some wells are salty because of the proximity of evaporative
formations and their electrical conductivity is between 3 to 19 thousand micromhos per centimeter.
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Figure 1. The study area (Abarkouh Chahgir plain)
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2.2. Satellite and Ground Data

In this study, in order to use SEBAL algorithm for the quarter period (June to September 2016), six images
of Landsat 8 satellite were obtained and used which after pre-processing (Radiometric correction and
Atmospheric Correction by FLAASH). The Julian days of satellite passed, were 174, 190, 206, 222, 238 and
254. These images included both OLI and TIRS sensors (all 11 bands except band 9-Cirus). The times that
satellite passes were varied from 6:30 to 7 AM (UTC) in all six used imagery. Also, Digital Elevation Model
(DEM) were applied. The DEM image at 12.5m in resolution were obtained from VERTEX websitet. In
addition to satellite data, ground meteorological data included air temperature (minimum and maximum), wind
speed, daylight hours, and relative humidity (hourly and daily) provided by the Abarkouh and Marvast
synoptic stations. This study needed amount of groundwater pumping to assess model results. For this reason,
monthly smart meter data which installed on tube wells, were read and used.

2.3. Water Balance

A large amount of water used by plant mass is evaporated and transported and only a small amount of it
is absorbed by plants. Accordingly, evaporation and transpiration are considered as good criteria for
vegetarian water consumption (Ahmadi, 2014), as long as actual evapotranspiration is important. On the
other hand, considering the net amount of consuming water per unit area (for example a pixel of an image
satellite) is equivalent to the amount of water extracted from water resources, actual evapotranspiration of
a pixel can be equivalent to the amount of water extracted from water resources which goes to pure
vegetarian consumption (without losses). In the other words, in aquifers like the study area (Chahgir) which
is lack of any rivers or surface water resources and relies on groundwater resources, the main components
of water balance are rainfall (P), actual evapotranspiration (ET.) and moisture changes in the soil unsaturated
area (dW./dt) which ultimately leads to estimation of the net amount of groundwater use (Ingw). Figure 2
represents an overview of the components related to the balance in a water resource system.
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Figure 2. Schematic of balance components in saturated and unsaturated regions ( Ahmad et al. (2005) and Bagheri
et al. (2017) ).
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In the aquifer, except tube well extraction (pumping) (lw), two parameters of capillary penetration and
capillary conduction (g (hn=0) & g (hm=0)) and also the amount of recharge and discharge of other aquifers
(Qin & Qout) are considered as total input and output of the aquifer (saturation area). As regards the purpose
of this study is merely related to unsaturated region, the total equation of the balance for the unsaturated
region is according to equation 1:

dw,
lw =ET,—P+ dtu +q ‘L(hm:O) —( T(hm:O) 1)
The difference between recharge and discharge of the aquifer is equivalent to the net amount of
groundwater use at a time. In the other words, the following relationship is confirmed:

4. =9 ‘l’(hnFO) —q T(hm:O) 2

Ingw: Itvv — Oy 3
In the above relationship gmis equivalent to the amount of net input water through unsaturated region to
the groundwater level. In other word, Ingw is assumed as the difference of all discharge and recharge value
of the aquifer. Therefore, from the combination of equations 1 to 3, Ingw is calculated as the follows:

| o= ET, P+ W
dt

(4)

In order to accurately evaluate the research methodology, the period from May to September 2016 was
considered. Assuming slight changes in moisture of the soil in unsaturated region and considering the lack
of rain during the research period, the amount of net use of groundwater resources is equivalent to actual
evapotranspiration (Ingw~ ETa).

2.4. Actual evapotranspiration

SEBAL is a method based on experimental relationships and atmospheric physics, which estimates the
actual evapotranspiration rate with minimum terrestrial and using satellite images with visible, infrared and
thermal band. In a lot of researches mentioned SEBAL as an acceptable approach for ET calculation
especially in agricultural area (Akbarzadeh et al., 2015; Bagheri et al., 2012; Bagheri et al., 2015; Ziaee et
al., 2019). This algorithm represented by Bastiaanssen et al. (1998) for the first time and it was updated in
2000 and 2002 again and has been corrected in some cases. Totally, SEBAL has estimated the components
of the energy flux using vegetation indices and surface parameters and their internal relationship. And
finally, its passive component, latent heat flux (calculation factor of actual evapotranspiration) is estimated.
Actually, in this method latent heat flux which is used for evapotranspiration, according to the amount of
remaining energy is determined by the equation 5:

AET=Rn-G-H (5)

In the equation above, ET is evapotranspiration, A is latent heat of vaporization, R, is net sunlight, H is
sensible heat flux and G is soil heat flux (all the components in the equation above are in Watt per square
meter). Pure sunlight, is the difference between incident radiation flux and reflected radiation flux and it is
considered as a criterion from the amount of energy in the earth surface which is gained by the equation 6:

Rn=(-a)Rgy +R | —R 1+ —[L—20 )R, (6)

In the equation above, «is surface albedo, Rsis short-wave incident radiation (0.3 to 3 micrometers)
(W/m?), Reis long-wave incident radiation (3 to 100 micrometers) (W/m?) and o is broadband surface
emission. Soil heat flux (G) is the amount of heat transfer inside the soil and vegetation due to molecular
conductivity which is according to equation 7 (Allen et al., 2002):

I
G=R, x—*x[0.0082x & + 0.0062 x a’* |x [L - 0.978 x NDV1 *] )
o

In this equation, Tsis surface temperature in centigrade degrees and « is surface albedo and NDVI is
vegetation index. Sensible heat flux (H) as the most complicated component of the energy balance equation,
is a waste of energy (or the heat) that is transferred to the air by temperature difference which is calculated
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by equation 8;

To - T,
¢} air (8)
Rah

In the equation above To is Aerodynamic air temperature (Kelvin), o i is air density (kg/m?), C, is
specific heat (J/Kg/K) and Rah is Aerodynamic air resistance. Reference evapotranspiration ratio daily per
hours was used for estimation of daily evapotranspiration from instantaneous evapotranspiration of the
satellite. For this purpose, reference evapotranspiration on an hour scale (millimeter per hour) at the moment
of the passage of the satellite (ET-insar) and also its amount on a day scale (millimeter per day) (ET-24) for
the meteorological station representing the area was calculated. Then the amount of daily actual
evapotranspiration of satellite models (ETact24) in millimeter per day was estimated (Allen et al., 2002):

ET ET, st ©)

act-24 — Elr_24
ET

H :pair 'Cp'

r—inst

It is possible to estimate total sum of periodic values of ET between two images (ET act-period) fOr n
consecutive days with estimating the amount of daily actual evapotranspiration (ETact-24) for the days
having image satellite, like equation 9:

4 ET
ETact— period = Z ETr—24
1

act—-24
_ (10)
ETr—24

In order to daily and hourly reference evapotranspiration, Mantit-Fao method was used (Allen et al. 2002).

2.5. Estimation of Net Groundwater Use

Considering the significant waste of water in the agriculture sector, irrigation efficiency plays an
effective role in calculation of net groundwater use. Totally, irrigation efficiency is defined as the ratio of
net water required or the consumption of the plant to the total input or extracted water (Abbasi et al., 2017).
Therefore, if the extracted water (lw) is measured by smart meters and irrigation efficiency is applied, the
amount of net groundwater use, according to equation 11 will be estimated:

Ingw =E; X Iy (12)

It is noteworthy that in order to control and manage the use, in 2015 with following Yazd Regional Water
Company, all agricultural wells of the study area were equipped with smart meters. Accordingly, tube well
extraction (lw) data for the time period of study was extracted from smart meters. In Figure 3, the research
methodology flowchart has been represented. IDL programming in ENVI software was used to apply all
equations of the research.
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Figure 3. Flowchart of research methodology

3. Results and Discussion

The amount of periodic actual evapotranspiration was estimated with the actual evapotranspiration on a
daily scale (for each of the six dates mentioned), using equation 10. Figure 4 (a) represents the spatial
distribution map of daily actual evapotranspiration resulted from SEBAL algorithm as a sample for one of
the modeling days. As it can be observed the highest value of actual evapotranspiration is related to
agricultural land which is irrigated by groundwater resources. The lowest amount of actual
evapotranspiration is related to pastures and shrubs. Also, Figure 4 (b) shows total ET from model outputs.
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Figure 4. The spatial distribution map of a) daily actual evapotranspiration on June 22, 2016 in the study area
(mm/days), b) Total ET (mm)

Figure 5 shows time distribution of actual evapotranspiration in the quarterly modeling period. Maximum
chart values are related to agricultural land which according to represented results in the second half of
August until mid-September, the most value of actual evapotranspiration and as a result the most amount of
net groundwater use are visible.
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Figure 5. Time changes of the amount of actual evapotranspiration (millimeter per day)

As previously mentioned, failure of rainfall during the modeling period and a month before that (to ensure
the removal of the effect of rainfall delay time) for the year, it means that any actual evapotranspiration
estimated from pixels of agricultural land, is equivalent to net groundwater use due to pumping of the
agricultural wells. Accordingly, Figure 7 represents SEBAL algorithm output based on net groundwater use.
As shown in Figure 7, the amount of net water use is variable from 0 to 300 millimeters. In order to evaluate
the results more accurately, three wells dispersed in the plain with different specifications and conditions
were chosen and the amount of their output was calculated (Figure 6).
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Figure 7. Groundwater net use map for the quarterly modeling period (in millimeters) and situation of research
methodology output in the case of index ranges

In order to evaluate and analyze the results of the research methodology, according to Figure 7, the net
amount of groundwater use was estimated in the three selected wells. Irrigation efficiency of the case study
was used from another research by Ebrahimi et al. (2019). Table 1 shows the specification and parameter
calculation of efficiency for wells. Efficiency in each well is very different. Although the water in the well
number 3 has better quality than other wells, its efficiency is lower. And this is true for well number 1 in
comparison to well number 2. The well number 2 has electrically conductive, but there are increasing water
efficiency and significant reduction in waste water because of proper use of low-pressure irrigation system
and use of low-width and proper plotting in order to reduce evaporation losses and also setting up regular
irrigation. As it can be seen in Figure 7, blue pixels in the well number 2 shows lack of water stress in the
farm which expresses the impact of water use management in high productivity and more product
performance.
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Table 1. Profile of indicator wells with model output amount

Water EC Cultivated area |ngw |tw Ei |ngw MAPD§
(Model) (Observation)
[ Ingw [2?:1[mi_0i] X 100]
Well =E n %201
No. X Itw]
pmhos/c m? m3 m3 % m3 %
m
1 6430 686,242.20 47,946.58  73,435.68 60 44061.408
2 7370 878,264.1 81,148.55 112,597.4 70 78818.18 72
3 4500 1,073,250  79,844.56 205,578 35 71952.3

As shown in the Table 1, error between observed values (resulted from smart meter data and applying
efficiency) and modeling values in the three wells is in average 7.2 percent which shows acceptable accuracy
of research method and use of remote sensing in estimation of net groundwater use.

Figure 5 shows lwand Ingw in the quarterly modeling period. As shown in Figure 8, the amount of net
groundwater use and well pumping volume (lw) data for the time period are 1.07 and 3.98 MCM
respectively. These values show low efficiency and high water loss in the case study.

ok

3.98

MCM

1.07

Net groundwater use Water pumping

Volume

Figure 8. Total volume of lwand Ingw in the quarterly modeling period

As previously mentioned, in this study high resolution of Landsat 8 imagery was used to calculate Ingw
while previous research used other satellite imageries such as MODIS (Bagheri et al., 2017) or AVHRR
sensors (Ahmad et al., 2005) with low spatial resolution. So, accuracy of this study methodology was better
than other same studies. Also, it is important to analysis ET accuracy. Base on Bastiaanssen et al. (2002),
the accuracy of evapotranspiration estimation by satellite data varied from 0% to 10% on a field scale to 5%
at regional level. So, the accuracy of this study with 7.2 percent error is acceptable which shows that the
results from Landsat 8 imageries are better than other satellite data.

4. Conclusion

Water use management in the agricultural sector as the country’s largest water consumer plays an

¥ Mean Absolute Percent Difference.
* Million Cubic Meter. *
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important role in water crisis management and reducing the tension that results from water crisis. Estimation
of net use of groundwater resources has always been a matter of serious concern for experts and managers
in water and agricultural sector. Use of traditional method for estimating the exact amount of water used
and wasted has always faced many failures and errors. In this study, it is tried to estimate and evaluate net
groundwater use by providing an efficient method based on available data and free satellite images. The six
images processed and applied by SEBAL algorithm to calculate evapotranspiration as a major water balance
component. To analysis, the smart meter data extracted. The error analysis by MAPD, showed acceptable
accuracy of model with 7.2 percent. A solution which can be used both on small scales (such as a farm) and
on large scales like plains and catchment basins. Also, as a result, the amount of net groundwater use and
well pumping volume (lw) data for the time period were calculated 1.07 and 3.98 MCM respectively. These
values demonstrate low efficiency and high water loss in the study area.
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