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ABSTRACT

Improving irrigation water management is a key concern for the agricultural sector, and it
requires extensive and comprehensive tools that provide a complete knowledge of crop water
use and requirements. This study presents a novel methodology to explicitly estimate daily
gross and net crop water requirements, actual crop water use, and irrigation efficiency of center
pivot irrigation systems, by mainly utilizing the Sentinel-2 MultiSpectral Instrument (MSI)
imagery at the farm scale. ETMonitor model is adapted to estimate actual water use (as the
sum of canopy transpiration and evaporation of water intercepted by canopy and evaporation
from soil) at daily/10-m resolution, benefiting from the high-resolution Sentinel-2 data and
thus to assess the irrigation efficiency at the farm scale. The gross irrigation water requirement
is estimated from the net crop water requirement and the water loss, including the water
droplet evaporation directly into the air during application before droplets fall on the canopy
and canopy interception loss. The method was applied to a pilot farmland with two major
crops (wheat and potato) in the Inner Mongolia Autonomous Region of China, where modern
equipment and appropriate irrigation methods are deployed for efficient water use. The
estimated actual crop water use showed good agreement with the ground observations, e.g.
the determination coefficients range from 0.67 to 0.81 and root mean square errors range from
0.56 mm/day to 1.24 mm/day for wheat and potato when comparing the estimated evapo-
transpiration with the measurement by the eddy covariance system. It also showed that the
losses of total irrigated volume were 25.4% for wheat and 23.7% for potato, respectively, and
found that the water allocation was insufficient to meet the water requirement in this irrigated
area. This suggests that the amount of water applied was insufficient to meet the crop water
requirement and the inherent water losses in the center pivot irrigation system, which imply
the necessity to improve the irrigation practice to use the water more efficiently.
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1. Introduction of irrigation water use performance has evolved sig-
nificantly over the last few decades, and it essentially
requires some primary data, such as irrigated areas,
irrigation types, crop irrigation water requirements,
and actual evapotranspiration. For small irrigation
schemes, the required local information can be col-
lected directly from farmers. However, the field sur-

vey is time-consuming, labor-intensive, and can only

Irrigated agriculture is the largest water user in the
world, and irrigation water use accounts for approxi-
mately 70% of global
(Carpenter, Stanley, and Vander Zanden 2011).
Climate change and increasing human water demand,
combined with traditional wasteful irrigation practices,

freshwater withdrawals

are exacerbating water use conflicts, even in tradition-
ally water-rich countries. Saving a small amount of
water in agriculture can significantly reduce water scar-
city pressure in other sectors. Irrigation water manage-
ment with properly considering the crop water use and
requirements is important in addressing regional to
national water security issues, especially in developing
countries (Lankford 2023; Liu et al. 2024).

A first and obvious need is the ability to assess,
monitor, and understand water use. The evaluation

be conducted in a limited number of locations. For
large systems, experience shows how difficult it is to
collect accurate data on actual water use by tradi-
tional methods (Levidow et al. 2014; Menenti 2000).
In this context, the effectiveness or adequacy of any
irrigation system depends largely on its efficiency in
terms of water use and loss, which are influenced by
irrigation technology, drainage infrastructure, water
management, soil, and topography (Evans and
Sadler 2008; Renault 1999). Satellite remote sensing
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datasets can support irrigation management
(Bastiaanssen and Bos 1999; Bwambale et al. 2022;
D’Urso 2010; Dari et al. 2023; Knipper et al. 2019),
due to the frequent revisit time, cost-effectiveness,
and high spatial resolution which are very helpful
for heterogeneous irrigated lands. Numerical hydro-
logical models are also widely used to simulate crop
water requirements and water uses to optimize irri-
gation practices (Corbari et al. 2019). Hydrological
models could be coupled with either ground obser-
vations or remote sensing to simulate vegetation
indices, evapotranspiration, soil moisture, etc. Fully
integrated uses of satellite data, ground-based
hydro-meteorological data, and numerical modeling
are needed to support water resources management
of agricultural farms as well as large un-gauged
agricultural areas.

Irrigation systems play an important role in agri-
culture. Center pivot irrigation system (CPIS) is
widely used all over the world, especially in those
regions where groundwater is the main water
resource, because it is labor-saving and water-
consuming efficient. In the case of irrigation water
use, water loss occurs at several levels depending on
the type of irrigation being practiced. For example,
infiltration through the canal bed (Gray and Norum
1967; Rivett et al. 2016; Sayari, Mahdavi-Meymand,
and Zounemat-Kermani 2021), evaporation from the
open water surface (Penman 1948; Uddin and Murphy
2020), intercepted water (Gash, Lloyd, and Lachaud
1995; Herbst et al. 2008; Lin, Sadeghi, and Van Stan
2020; Lloyd et al. 1988), droplet evaporation during
sprinkling (Molle et al. 2012; Thompson, Gilley, and
Norman 1993; Yazar 1984). In sprinkler irrigation, the
water flow emitted from the sprinkler heads (nozzles)
forms water jets (ribbons) that break up into droplets
due to surface tension and aerodynamic drag forces as
they travel from the nozzle to the soil surface. During
the flight, a fraction of the water droplets evaporates
(called droplet evaporation). Increasing the operating
pressure of the sprinkler head decreases the resulting
droplet diameters and increases the evaporation losses
due to the increased water—air interface area. The
remaining portion of the water is partitioned between
canopy interception and direct throughfall to the soil.
The intercepted water evaporates in response to the
atmospheric demand, but not crop water require-
ments, and is referred to as interception loss (Tolk
et al. 1995; van Dijk et al. 2015). These processes
could not be captured by satellite remote sensing, but
they could be described in the hydrological model.
This also highlights the need to integrate hydrological
modeling with satellite imagery to assess crop water
use and irrigation performance under sprinkler
irrigation.

Studies have been carried out in the past, but rarely
all the components have been integrated to

understand the gross irrigation water requirements
for optimal crop growth, actual water use and water
loss at different stages of irrigation application using
high-resolution remote sensing data. In this paper, we
propose a new approach that integrates the advantages
of hydrological modeling and high-resolution multi-
spectral remote sensing data, mainly from Sentinel-2,
to estimate the water requirements at field scale and to
estimate the amount of water used at different levels
relative to the requirements within an irrigation
scheme. These estimates are incorporated into various
indicators to evaluate the irrigation performance of
the CPIS irrigation system.

2. Methodology

To evaluate the irrigation performance, a novel
method is proposed to explicitly estimate different
variables related to water use, water loss, and water
requirement, using hydrological modeling and multi-
spectral remote sensing data (e.g. Sentinel-2). It
mainly consists of three main parts: 1) estimation of
the field-scale actual consumptive water use, as the
sum of the canopy transpiration (E,), soil surface
evaporation (E;), evaporation of canopy intercepted
water (E;), and droplet evaporation directly from the
air during irrigation application (E,); 2) estimation
of the irrigation water requirement, including gross
irrigation water requirement (GIWR) and net irriga-
tion water requirement (NIWR), taking into account
the water losses within the irrigation system; 3) esti-
mation of the irrigation performance indicators (IPs),
which were finally used to evaluate the performance
of the irrigation system. The overview of the
approach is illustrated in Figure 1. Details on the
utilized data are described in Section 3.2.

The proposed methods have several advantages,
including 1) rather than estimating the total water
use directly by a combination method, our method
provides explicitly the components of consumed water
amount, i.e. droplet evaporation, intercepted water
evaporation, transpiration, soil evaporation, which
enable to separate the benefit and non-benefit water
flow that are very important to guide the further
water-saving technologies development; 2) by inte-
grating hydrological modeling with the high-
resolution satellite remote-sensing data, this method
can provide both temporal and spatial variations of the
water use with very high resolution, which are critical
for the stakeholders to adapt their management prac-
tices more precisely; 3) a new irrigation indicator was
combined with existing indicators in the method to
provide a comprehensive evaluation of the irrigation
water management, which takes into account the
inherent water losses in the specific irrigation
technique.
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Figure 1. Overview of the methodology to evaluate the irrigation performance under sprinkler irrigation system in this study.

2.1. Estimation of actual gross irrigation water
use under the sprinkler irrigation systems

Water use under sprinkler irrigation is affected by
losses at several processes (e.g. water droplet vaporized
in the air, water intercepted by the crop canopy, water
evaporated from the top soil layer) until the water
reaches the crop root zone to be absorbed and utilized
by the crop. These processes occurred at different
temporal and spatial scales, e.g. the water droplet
vaporized in the air occurs during the water “flight”
from the nozzle to crop or soil while sprinkling, and
the water intercepted by the crop canopy partly eva-
porated to the air after the irrigation events. It is
necessary to quantify these losses at different hierarch-
ical scales to properly account for each process (Pani
et al. 2020). To estimate the irrigation water use, the
consumptive water use (CWU, in mm) is first esti-
mated as the sum of actual evapotranspiration (ET,)
from the surface (including the crop canopy and soil
surface) and droplet evaporation during the sprinkling
of the applied irrigation system. The CWU under the
sprinkler irrigation equals to:

CWU =E,+E+E +E, (1)

where E, (mm) is the crop transpiration, E; (mm)
is the soil evaporation, E; (mm) is evaporation of
canopy intercepted water (also called canopy
interception loss, zero on non-irrigation and non-
rainfall days), and E, (mm) is the droplet evapora-
tion during the “flight” from the nozzle to crop or
soil while sprinkling (zero on non-irrigation days).
The ET, (ET,=E .+ E;+E;) and its components
from the crops canopy and soil surface are esti-
mated using ETMonitor model (Hu and Jia 2015;
Zheng, Jia, and Hu 2022), which is described

briefly in Section 2.1.1. And section 2.1.2 intro-
duces the method to estimate E.

All the above components of water use were
estimated for each pixel at daily/10-m resolution
in this study. The total CWU in a growing season
for each field (field size is much larger than 10 m)
that contains one crop under sprinkler irrigation
can be written as:

J n g
CWU; = Z 2 i1 (CWU,])

=0 "

()

where j is an individual day in a growing season
with total ] days; i is the smallest unit area in the
study area, i.e. a 10-m pixel in Sentinel-2 image;
and # is the total number of pixels in a single field
with the same crop. The gross irrigation water use
(GIWU) can be expressed as the area-weight aver-
age of CWU in each field cultivated by a specific
crop, as:

K
crwy = 2 CWOxaf)

3
SFaf ©

where k is an individual field containing a specific
crop with total K number of fields in the irrigation
scheme, afy is the area of each field, P,y is the
effective precipitation calculated according to Kuo
et al. (2006):

125 — 0.2P,

125 )

Peﬂ’:Ptot

where Py, is the total rainfall for the whole growing
season (mm).
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2.1.1. Estimation of actual ET components using
ETMonitor model

The actual land surface ET components, including E,,
E,, and E; in Equation (1), are estimated at daily scale
using ETMonitor model, which is a hybrid evapotran-
spiration estimation model that combines theories of
energy balance, plant physiology, and water balance
processes (Hu and Jia 2015; Zheng, Jia, and Hu 2022).
The model is forced by a variety of biophysical para-
meters and surface soil water status, which are derived
from multi-source remote sensing data (from optical
to microwave sensors). The ETMonitor model was
presented and applied for ET estimation in the arid
and semi-arid land (Hu and Jia 2015), in humid
regions (Zheng et al. 2019) and global ET estimation
(Jia et al. 2018; Zheng et al. 2016, 2022), and was also
used for various applications (Bennour et al. 2022;
Buri et al. 2024; Chen et al. 2019, 2023; Du et al.
2022; Jia et al. 2021; Menenti et al. 2021).

The ETMonitor model consists of several modules
to simulate ET components, including plant tran-
spiration, soil evaporation, vegetation canopy inter-
ception loss, water body evaporation, and snow/ice
sublimation. In ETMonitor, E. and E; are estimated
using the Shuttleworth - Wallace two-source scheme
(Shuttleworth and Wallace 1985), combined with
a Jarvis-type method for estimating canopy resis-
tance to transpiration, where the minimum canopy
resistance is regulated by soil moisture and other
environmental variables (Jarvis 1976; Steward 1988).
E; is estimated using a revised Gash model (Gash,
Lloyd, and Lachaud 1995; Zheng and Jia 2020),
which is a rainfall event-based model that has been
successfully applied on a daily basis, assuming one
storm per rainy day. More details on the ETMonitor
model and the implementations could be found in
previous studies (Hu and Jia 2015; Zheng and Jia
2020; Zheng, Jia, and Hu 2022). The main driving
data of ETMonitor include the leaf area index (LAI),
fraction of vegetation cover (FVC), surface albedo,
soil moisture, which could be obtained from satellite
remote sensing datasets, and meteorological forcing
data either from ground observations or atmospheric
reanalysis data.

2.1.2. Estimation of droplet evaporation during
sprinkling

A considerable amount of water droplets evaporates
directly in the air (E4 in Equation(1)) during sprink-
ling irrigation without ever reaching the crop canopy
or soil surface. E, is affected by several factors such as
wind speed, sprinkler height (when the crop is shorter
during the growing season), longer drop trajectory
and increased wind exposure (Playan et al. 2005;
Stambouli et al. 2013). Quantifying this amount is
complicated and challenging but is very necessary to
address the water balance in sprinkler irrigation.

Droplet evaporation can be parameterized using
a semi-empirical equation proposed by Yazar (1984):

E4 = 0.003 exp (0.20u)(es — e,)"” (T9%) (Ps"7®) (Dys)
(5

where u is the wind speed (km/h), e; and e, are the
saturated and actual vapor pressure (mb), T, is the air
temperature (°C), Ps is the sprinkler operating pres-
sure (kPa), and Dyg is the amount of water discharged
from the sprinkler (mm). In this study, u, e, e,, and T,
are obtained from local weather observations, Pg and
Dys are calculated considering the dynamic of CPIS
(Martin, Kincaid, and Lyle 2007; Yazar 1984).

Specific to the dynamic of CPIS irrigation system,
the sprinkler heads are adjusted in such a way that the
water pressure of each nozzle increases linearly with
the distance from the center to the outer boundary
during discharge to avoid excessive discharge from
nozzles near the center. Therefore, P and Dy are
calculated in a dynamic approach following previous
studies (Martin, Kincaid, and Lyle 2007), which can
give the spatial distribution of D;s for each pixel of
satellite imagery where a sprinkler is operating at
pressure Pg. The volumetric discharge per sprinkler
was estimated to vary between 580 and 81,000 liters
per irrigation using the field information on the max-
imum capacity of the pump (22.2 1t./s). The discharge
of a single sprinkler varied as designed in response to
Ps, which varied between 0.1 and 131 kPa from the
center to the outer lateral end. Therefore, we estimated
that E, varied between 0.12 and 2.6 mm per irrigation
(72 h) under reference condition (wind speed of 3.9
km/h VPD 1.4 mb, and air temperature 21°C),
depending on the operating pressure of each sprinkler
nozzle. E4 increased logarithmically from the center to
the outer lateral end, due to the increase in the area
wetted by each sprinkler along the lateral.

2.2. Estimation of irrigation water requirement

The estimation of irrigation water requirements
mainly involved three key variables: GIWR, NIWR,
and water losses within the irrigation system. GIWR
is the sum of NIWR and water losses within an irriga-
tion system, which is given below,

GIWR = NIWR + losses (6)

The estimate of on-farm water losses in Equation
(6) is for reference conditions, i.e. it is taken as the
estimated long-term average of losses due to dro-
plet evaporation and interception loss over the
entire growing season. The NIWR for the growing
season is the average irrigation water requirement
(IWR) over the K fields in the irrigation system,
and the IWR is the difference between the crop
requirement (CWR, crop

water maximum



Table 1. Irrigation performance indicators used in this study.
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Irrigation performance Simplified Formula

Remarks Reference

IP1 NIWRNV
P2 GIWR/V
IP3 GIWR/GIWU

based on potential ET and volume of water allocation
Based on actual ET and volume of water allocation
Proposed in our previous study

Menenti (2000)
Menenti et al. (1989)
Pani et al. (2020)

evapotranspiration of a given crop under
unstressed conditions) and the effective mean
precipitation:

IWR = ET, — Py (7)

where ET¢ is the “potential” or maximum evapotran-
spiration for each crop, and it is estimated as:

ETc = ETyk, (8)

where ET, is the reference evapotranspiration cal-
culated according to FAO-56 (Allen et al. 1998),
and k. is crop coefficient estimated following
Calera et al. (2017) according to its relationship
with Normalized Difference Vegetation Index
(NDVI) as:

ke =ax NDVI+ b 9)

where a and b are the empirical parameters that vary
with the crop types (in this study, a = 1.64 and b =-0.12
for wheat, a = 1.36 and b = 0.2 for potato).

2.3. Irrigation system performance indicators

In this study, we have used two well-defined
Performance Indicators (IPs) (Menenti 2000;
Menenti et al. 1989), as well as a new performance
indicator considering both GIWR and GIWU (Pani
et al. 2020). These IPs are listed in Table 1. IPI
provides information on the adequacy of water
allocations to meet water requirements for optimal
crop growth. IP2 provides information on the over-
all efficiency of the system in conveying, distribut-
ing, and applying irrigation water. IP3 provides
information on anomalies in water allocation and
application that result in deviations of actual water
use from water requirements, taking also into
account the water losses inherent in the specific
irrigation technique (in this study, sprinkling).

In all the IPs mentioned above (Table 1), the water
allocated by irrigation managers or the actual use of
water is used as the denominator to assess whether
crop water requirements are met by the water pro-
vided, following the definitions proposed by Menenti
et al. (1989). Values of IP greater than one indicate
insufficient water supply, while values less than one
indicate that applied/used irrigation water exceeds
requirements (Menenti 2000). A range
of + 0.15 (15%) from unity is considered efficient
and acceptable in the current study.

water

3. Study area and data
3.1. Study area

We carried out this study in the irrigated agricultural area
(Figure 2) located in the Zhenglan county in the north-
central Inner Mongolia Autonomous Region of China.
This study area is located between 41°59° N — 42°01°
N latitude and 115°55" E — 115°57" E longitude. The
local farmland is well equipped with modern irrigation
infrastructure and contributes to a large production of
wheat, oats, and a variety of vegetables. The most widely
used irrigation method in this region is CPIS. The grow-
ing season is limited to the summer (April-September)
due to the sub-freezing temperatures prevailing during
the winter season. The experimental site shown in
Figure 2 is covered by six CPIS fields. Each CPIS covers
approximately 384,845 m” (38.5 ha), where wheat and
potato are grown in alternate seasons. The source of
irrigation is groundwater pumped directly from the cen-
ter of each field. A flux tower (marked in red in Figure 2),
with an eddy covariance system and an automatic
weather station mounted in a tripod, is installed at the
border of a field to gather water and heat flux and
meteorological variables. As the major water source for
irrigation comes from groundwater, the local water man-
agement faces great challenges. To our knowledge, this is
the first comprehensive evaluation of the irrigation per-
formance of the CPIS irrigation system based on high-
resolution remote sensing data in the study region.

3.2. Data

3.2.1. Satellite data
Satellite remote sensing retrieval is innovative in this
research to provide spatiotemporal information on the
agricultural fields. To meet this need, multiple satellite
data are used to estimate the variables and parameters
described above. The data used in this study are listed
in Table 2., These data could also be replaced by
datasets from other satellite with similar sensors and
configuration, when more advance satellite datasets
are available

Biophysical variables and albedo retrieved from
Sentinel 2 MSI and Landsat 8 OLI observations.A
total of 19 cloud-free images are collected from
Sentinel-2A & 2B Level-2A (L2A) MultiSpectral
Instrument (MSI) radiometric data (with spatial
resolution between 10m and 60 m) during the
growing season of 2019 (27™ April-4"™ October).
The Level-2 MSI data are geometrically and atmo-
spherically corrected (Schlapfer et al. 1998) for top-
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Figure 2. Study area in Inner Mongolia Autonomous Region in China with the location of the flux tower. The red dot indicates the

location of the installed flux tower.

Table 2. List of datasets used in this study.

Spatial Temporal
Dataset Variables Resolution  Resolution Links
Sential-2 A&B  Surface reflectance 10m 5 days https://scihub.copernicus.eu/
MSI
Landsat-8 OLI  Surface reflectance 30m 16 days  https://search.earthdata.nasa.gov/
SMAP soil Surface/root-zone soil moisture 9km 3 hours  https://search.earthdata.nasa.gov/
moisture
CHIRPS 2.0 Rainfall 5km Daily https://chg-ftpout.geog.ucsh.edu
Meteorological air temperature; dewpoint temperature; downward solar/ 25km Hourly  https://cds.climate.copernicus.eu/
Data thermal radiation; wind speed; air pressure
Soil parameter  Saturated/residual soil moisture Tkm - http://globalchange.bnu.edu.cn/
of-canopy (TOC) reflectance and available to users  Bitelli 2016; Zhou et al. 2016), Landsat-8

from the European Space Agency (ESA) server
(https://scihub.copernicus.eu/). Considering the
unavoidable gaps due to cloud cover and satellite
revisits may not allow to capture the full temporal
evolution of crop water requirements based on sin-
gle data source (Akdim et al. 2014; Mandanici and

Operational Land Imager (OLI) Collection-1 Level-
2 Land Surface Reflectance products are also col-
lected from the Earth Resources Observation and
Science (EROS) Center, which provides atmospheri-
cally corrected (Vermote and Kotchenova 2008)
data on-demand, as multispectral images at the


https://scihub.copernicus.eu/
https://scihub.copernicus.eu/
https://search.earthdata.nasa.gov/%E2%80%8C
https://search.earthdata.nasa.gov/%E2%80%8C
https://chg-ftpout.geog.ucsb.edu
https://cds.climate.copernicus.eu/%E2%80%8C
http://globalchange.bnu.edu.cn/

spatial resolution of 30-m (15-m for panchromatic)
and a revisit time of 16 days (Roy et al. 2014). It was
also found that there is a high correlation (with
correlation coefficient of 0.98-0.99) between bands
of MSI & OLI in terms of radiometric properties
(Table 3). The combination of Sentinel 2 MSI and
Landsat 8 OLI increases the temporal resolution for
time-series analysis significantly (Tariq et al. 2023).

Different biophysical variables, i.e. NDVI, FVC,
and LAI, were retrieved at high resolution (10 m)
based on the multispectral bands from Sentinel 2
MSI and Landsat 8 OLI combination. To achieve
this, the band 4 (red) and band 8A (vegetation red
edge) of MSI and corresponding band 4 (red) and
band 5 (NIR) of OLI are resampled from 20 m and
30 m to 10 m resolution, to match with the 10 m band
4 of MSI. The same approach was adopted to compute
the albedo (Liang et al. 2003) using bands (2, 4, 8A, 11,
12) of MSI and bands (2, 4, 5, 6, 7) of OLL Linear
interpolation was applied to the available cloud-free
images to create a daily time-series of all variables to
capture the changes in crop growth.

The remote sensing retrievals of FVC and LAI were
used to estimate the fraction of net radiation (R,)
absorbed by the canopy and soil in the ETMonitor to
estimate E. and E; following Zheng et al. (2022).
Albedo («) is used to estimate R, in the ETMonitor.
FVC and LAI are also used to estimate vegetation
storage of a canopy to determine the amount of inter-
cepted water loss (E;). NDVI is used to calculate and
map the crop coefficient (k;) for wheat and potato
fields at different growth stages.

Soil Moisture from SMAP. Soil Moisture is also
a key input variable for ET estimation using
ETMonitor model. We have used Level-4 soil
moisture data of the Soil Moisture Active and
Passive (SMAP) L-band radar and radiometer
observations. SMAP L4 Global 3 hourly 9km
EASE-Grid Surface and Root Zone Soil Moisture
Analysis Update (SPL4SMAU) Version 4 (Reichle
et al. 2018) are documented by NASA Earthdata
(https://earthdata.nasa.gov). The objective of cap-
turing the daily variation in the root-zone soil
moisture content (m’/m’) was met by averaging
the 3-hourly data to estimate the mean daily root-
zone soil moisture.

Table 3. Correlation between the multispectral bands of
Sentinel-2 MSI and Landsat 8 OLI.

Bands
MSI Band OLI band Pearson Correlation Coefficient
2 2 0.9937
3 3 0.9944
4 4 0.9952
8 5 0.9853
8A 5 0.9967
1 6 0.9981
12 7 0.9984
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3.2.2. Meteorological observations from ERA5
reanalysis data

Hourly radiation flux and meteorological observations
were obtained from the European Centre for Medium-
Range Weather Forecasts (ECMWF) ERA5 reanalysis
data at a spatial resolution of 0.25 degree (https://cds.
climate.copernicus.eu/). Hourly data were averaged to
obtain daily mean values. Given the limited spatial
variability of atmospheric variables (compared to land
surface properties), spatial interpolation (Srivastava
etal. 2019) was applied using inverse distance weighted
(IDW) interpolation and resampled to 10 m to match
the remotely sensed spatial data discussed above.

3.2.3. In-situ ground observation

In-situ information is a key input for optimizing on-
farm water use. This was accomplished by conducting
a thorough survey of the agricultural fields, collecting
information on local farmers' irrigation practices, irri-
gation system specifications, and field experiments to
measure the water discharge and interception losses in
different crops.

Sprinkler specifications and local irrigation practices. The
study area is covered by six large central pivot sprinkler
systems of approximately 33.35ha each and is irrigated
with groundwater. Groundwater is pumped to the six
systems by a total of 3 large (30 kW/h) and 11 small (8
kW/h) hydraulic pumps in total. Each CPIS, operating at
100% of the pump capacity, can pump water at a rate of
100 tons/h ~100 m*/h. According to local farmers, this
maximum capacity is rarely used in order to maintain the
irrigation system and to avoid run-off. The farmers irrigate
each field based on their experience of the average water
requirements of each crop and the local weather condi-
tions. They regulate the amount of water entering the
system (Table 4) depending on the crop type and its
growth stage to maintain optimal growth.

Ground measurements for model validation. Field
experiments were carried out during the early and
mid-growing seasons to measure several variables,
namely crop type, crop height, volumetric water out-
put from the sprinkler head, amount of water reaching
the top of the canopy, and amount of water inter-
cepted by the potato and wheat plants (Figure 3).
The volumetric discharge, amount of water reaching
the top of canopy and interception loss were measured
on 13™ and 14™ of July, 2019. The mean FVC on 13"
and 14™ July, 2019 was 0.74 and 0.69 with LAI of 2.75
and 2.38 for wheat and potato, respectively. The crop
heights were 0.9 m (wheat) and 0.79 m (potato). To
capture the variation in the volumetric discharge from
sprinkler along the lateral as well as the amount reach-
ing the top and bottom of the canopy, the Differential
Measurement Technique (DMT) was applied using
a tipping bucket rain gauge at 30 different locations
including both crops at varying distances from the
center of the field (Figure 4). The difference between
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Table 4. Irrigation schedule applied by farmers during growing season for different crops in the study area in 2019.

Crop Number of Percentage of pump  Rate of in-flow
Type Period Irrigation frequency irrigation events capacity (%) (m/h)
Wheat 27" April-31™ May once in 10-15 days 3 50 50

1% June-15" July irrigate for 5 days, stop for 2 days 14 80 80

16™ — 31™ July once every 5 days 2 80 80

1°* Aug - Harvest once every 5 days 5 30 30
Potato 5™ May-22"" May no irrigation 0 0 0

22" May — 30™ June once in 12-15 days 3 50 50

1% July — 10" Aug continuous irrigation 14 80 80

1t Aug - Harvest once every 5 days 7 30 30

‘Wheat Potato
5 May, 2019 5 May, 2019

‘Wheat Potato
13 July, 2019 13t July, 2019

Figure 3. Crop stages during field inspection and measurement in 2019 in the study area.
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Figure 4. Locations of the tipping bucket rain gauge during the field experiment and the distance from the center during the
growing season of 2019 in the study area.



the discharge from sprinkler head and the water reach-
ing the top of the canopy was considered the amount
of droplet evaporated directly, while the difference in
the amount of water between the top and bottom of
the canopy gave the amount of water intercepted by
the canopy.

Flux tower observation for ET validation. The RS-
based ET estimates were validated using ET measure-
ments by the eddy covariance system in the flux tower
(Zheng et al. 2021). The flux observations at 30-
minute interval were aggregated to daily scale after
a thorough quality check of the data and elimination
of the outliers. The instrument was able to measure the
ET of both potato and wheat as it was installed at the
edge of both fields adjacent to each other. The mea-
surements were intelligently assigned to the two crops
based on the wind direction to identify the measure-
ment source area.

4. Results and discussion

4.1. Validation of the estimated water use
components

To validate the water use, the daily estimates of actual
ET, from ETMonitor were compared with in-situ
measurements from the eddy covariance system.
Unlike ETMonitor, which provides separate estimates
of E,, E and E;, the eddy covariance system measures
the sum of E, and E; during non-rainy and non-
irrigated day. During the rainfall or irrigation days,
the eddy covariance system theoretically measures the
sum of E,, E; and E;. Therefore, the ETMonitor esti-
mates of daily E, and E; on non-irrigation days were
summed and compared with the eddy-covariance
measurements of ET,. The ETMonitor estimates at
daily scale were in close agreement with the measure-
ments for both potato and wheat (Figure 5), with
determination coefficients (R%) = 0.81 and Root Mean
Square Errors (RMSE) = 0.56 mm/day for potato and
R’=0.67 and RMSE = 1.24 mm/day for wheat. The

10
-’5\, o | o
= A
5 0 a5
2 4Fr D y=1.13x-0.62
g R2=0.81
E ) b RMSE = 0.56 mm/day

N=18
0 1 1
0 2 4 6 8 10
Observed ET (mm/day)

(a) ET comparison at potato field
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accuracy of estimated ET is comparable to previous
study which showed that the ETMonitor-estimated
daily ET at 1-km resolution has an RMSE and correla-
tion coefficient (R) of 0.93 mm/d and 0.75 when com-
paring with observations from 251 flux towers around
the world, with more than 80% of the sites having
RMSE smaller than 1.2 mm/day (Zheng, Jia, and Hu
2022). The shorter distance between the location of the
eddy covariance system and the potato field, i.e. 1.5m
for potato and 6 m for wheat, could possibly explain
the better agreement and the higher correlation for the
potato than for the wheat field. Meanwhile, the uncer-
tainty of the observed data and assignment (described
in Section 3.2) should be noticed. For simplification,
we assigned the flux tower observed data to either
potato or wheat according to the wind direction,
which is reasonable because the direction of the source
areas contributing to the measured fluxes at flux tower
sites (i.e. flux footprint) varies largely depending on
wind direction. A more comprehensive method, e.g.
two-dimensional parameterization for flux footprint
prediction model to identify both the direction and
extent of the flux footprint (Kljun et al. 2015), can be
helpful for ET validation (Chu et al. 2021). The esti-
mated ET, varied between 3.9 and 8.1 mm/day for
potato and between 0.19 and 8.1 mm/day for wheat
with most values below 4.2 mm/day. These ET, values
are within the reasonable range of the previously
reported values (Chen et al. 2023; Liu et al. 2013).
The lower ET value observed for wheat in Figure 5
may be attributed to the fact that only a few flux data
during the peak growing period were assigned to the
wheat field. During the peak growing stage with high
ET values, the dominant wind direction is southward,
resulting in the observed flux being mainly from the
potato field.

The estimated E; was validated using the DMT
observations to measure the irrigation water reaching
the top and bottom of the canopy as described in
Section 3.2.3. A comparison of measured and esti-
mated E; shows a better agreement for wheat

10
E .
Ser e
e e
m s
B4 Dz-':f""""t'u'j 0 y=074x-0.78
g a QD R2=0.67
%2 | pgesf 0O - RMSE = 1.24 mm/day
K2 ' N=13

0

0 2 4 6 8 10
Observed ET (mm/day)

(b) ET comparison at wheat field

Figure 5. Comparison of ETMonitor estimated ET,, (Ec+Es) with in-situ measurements for potato (a) and wheat (b) during the non-

irrigation days for the growing season in 2019.
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Figure 6. Comparison of estimated interception loss (E;) with ground observed E; (a) and with leaf area index (b) for wheat and

potato during the irrigation days for growing season in 2019.

(RMSE = 0.64 mm) than for potato (RMSE = 1.54 mm)
(Figure 6). The estimated and measured E; for wheat
were rather close, probably due to an even distribution
of the crop in the field, which makes it easier to per-
form accurate measurements of interception. In con-
trast, a significant difference was observed for potato,
which could be due to several factors (Beinum and
Beulke 2010), such as row cropping pattern, variable
fractional vegetation cover, and the position of the
instrument at the bottom of the canopy, which plays
a major role in the reference measurements. There is
an obvious and direct relationship between the FVC
and the estimated E;, as demonstrated by several stu-
dies (Cui and Jia 2014; Cui et al. 2017; Y. K. Cui et al.
2015; Zheng and Jia 2020; Zheng et al. 2016). The LAI
is also an important canopy property that determines
the water-holding capacity of a vegetation canopy. It

appears that E; is related to LAI in the same way for the
potato and wheat canopies (Figure 6).

This difference between the nozzle discharge and
the water reaching the top of the canopy (as explained
in section 3.2.3 and Figure 4) is further used to validate
the estimates from our parameterization of droplet
evaporation (Equation (5)). The DMT observations
on two simultaneous days, including samples from
all the six fields, were grouped into two separate
dates (Figure 7), taking into account the difference in
the local weather conditions between the 2 days. Two
different trends were observed in the linear regression
of the estimated E, against the measurements on the
two dates, 13™ and 14" July of 2019, when plotted
separately (Figure 7). This can be attributed to the
difference in air temperature, vapor pressure deficit
and wind speed. The correlation between the mea-
sured and estimated values was very high and very

g 2.5
g 20 | .
g < 14 July, 2019
— s
§/ 15| y’—3.02x—2.40‘
o>) R = 097
E’ N= ]6
g 1.0 } % 13% July, 2019
-
3 y=2.11x—1380
§ 0.5 f R?=0.97
2 N=14
84 O 1 1 1
0 0.5 1.0 1.5 2.0 2.5

Observed droplet evaporation (mm)

Figure 7. Comparison of measured and estimated water droplet evaporation (E,) during sprinkling on 13™ July and 14™ July, 2019.



similar on both days, i.e. R?=0.97, with a steeper
variation 14 July than that on 13t July, 2019, which
means that there was a greater variation in the esti-
mated E,4 compared to the reference measurements on
14™ July than that on 13" July.

4.2. Variation of the irrigation consumptive water
use

The GIWU components estimated with our parame-
terization illustrate the spatial variability very effi-
ciently at 10 m spatial resolution (Figure 8). E,
ranges between 4 and 7 mm/day in each field, with
higher values over wheat as wheat is in its peak growth
stage on 14 July, 2019. On average E, varies between
1.8 and 2.5 mm/day, with higher values over recently
irrigated soil (using visual image interpretation tech-
nique), such as in a potato field (right middle field in
Figure 8). Wet soils tend to have a lower albedo, which
is very well captured by the E; component of
ETMonitor. E; is between 0.5 and 2.5 mm per irriga-
tion event for both crops. The estimated sprinkler
droplet evaporation clarifies the difference in droplet
evaporation between the center (0.2 mm/irrigation)
and the outer lateral end (4 mm/irrigation) as
a result of differences in operating pressure, larger
air mass exposure and lateral tangential speed of the
sprinkling system. Higher irrigation volume by
sprinkler heads closer to the center (in wheat fields)
is well reflected in the Ec, Es, and E;, thus reflecting
accuracy at higher spatial resolution and efficient
monitoring of the GIWU.

All the GIWU components were estimated at daily
scale for potato and wheat (Figure 9). As expected, the
maximum evapotranspiration ET¢c was higher than
actual evapotranspiration ET, on most days for both
potato and wheat. ETMonitor correctly estimated the
partitioning into soil evaporation and canopy tran-
spiration, e.g. during the early growth stage of potato
(up to DOY-170) when the fractional soil cover was
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greater than the vegetation, with E, being consistently
higher than E,. Apart from the meteorological forcing,
the variation in daily actual E, and E; is largely depen-
dent on the surface properties used in ETMonitor (Hu
and Jia 2015) to parameterize the energy and mass
exchange at the land-atmosphere interface.

Regarding the variables directly related to the irri-
gation events, E; is negligible (0 mm/day) in the early
stage of crop growth, while it starts to increase in the
development stage when FVC is more than 0.5 and the
frequency of irrigation increases, reaching its maxi-
mum, i.e. 2.3 mm/day for potato and 2.1 mm/day for
wheat, in the mid-season when the canopy cover is
maximum for both crops. E; accounts for 13.3%
(potato) and 12.12% (wheat) of the water delivered
by the sprinkler (17.3 mm) per irrigation.

E, depends on the weather conditions and the
operating pressure of the sprinkler nozzles and is
well captured by our estimates. It is illustrated by the
fact that E4 varies between 1 mm and 5 mm per irriga-
tion in response to the weather conditions, which
drive ET, in a similar way. The loss due to E, (2-5
mm) is rather constant across all irrigation events,
regardless of the vegetation cover.

4.3. Variation of the irrigation water requirement

Figure 10 shows the maximum crop (unstressed) eva-
potranspiration (ET¢) for potato and wheat deter-
mined by Equation (8) in the whole growing season
of 2019 in the study area. This maximum crop evapo-
transpiration of each crop can be used to estimate the
CWR using Equation (7). The daily variation in ET¢
due to local weather conditions (ET,) and growth
stage (k.) is well reflected in both crops, where the
ET¢ for potato varies between 4 mm/day and 8 mm/
day during the mid-growth stage. In the case of wheat,
ETc shows a narrower but higher range between 6
mm/day and 8.5mm/day during the mid-growth
stage. The early growth stage of wheat is characterized

115°56'30"E 115°57'0"E  115°56'0"E 115°56'30"E 115°57'0"

42°0'30"N

115°56'30"E

02 4.0

115°56'30"E 115°570"E  115°56'0"E

0 28

115°57'0"E

Interception Loss
(mm/irrig)

Droplet Evaporation
(mm/irrig)

Figure 8. Spatial distribution of daily estimates of crop transpiration (E.), soil evaporation (), interception loss (£;), and droplet

evaporation (E4) on 14% July of 2019 in the study area.
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Figure 9. Daily variation of GIWU components for potato and wheat for the whole growing season in 2019.

by a shorter and steeper increase in the ET¢ due to the
denser planting of wheat (5 cm between rows) in con-
trast to potato, where potato plants are sparser, i.e. 90
cm between rows and 20 cm along rows. This results
in a higher rate of vegetation cover change in wheat
compared to potato.

During the early growth stage, k. of both crops
remained low, close to 0.2, and started to increase
gradually during the development stage (Figure 10).
During the canopy development, k, varies between 0.3
and 1.2 for potato and 0.36 to 1.32 for wheat until the
mid-growth stage with the highest canopy cover. The
most contrasting is the late growth stage of both crops,
resulting in a decrease in the k. values (1.3 to 0.4)
compared to potato (1.24 to 1.02) which is harvested
within 5days of maturity. The k-NDVI based crop
coefficient has proven to be accurate in providing
dense time series and can identify different crop phe-
nological stages (Choudhury et al. 1994; Johnson and
Trout 2012), unlike the generic kc and number of days
provided by FAO 56 (Allen et al. 1998) which can only
provide a tabular form of kc at specific phenological
stages.

4.4. Irrigation performance evaluation

The ultimate objective of this study is achieved through
the evaluation of IPs, which is based on an integrated
estimation and understanding of the crop water
requirements at field level and the amount of water
actually used at different levels within an irrigation
system (Table 5 and Figure 11). ETMonitor has effi-
ciently quantified the transpiration and evaporation
from crop and soil using high-resolution remote sen-
sing data from Sentinel-2 MSI and Landsat-8 OLI
Level-2 for the 2019 growing season. The estimated
ET, (=E. + E;+ E;) were 455.8 mm (potato) and 508
mm (wheat). These results are consistent with previous
studies (Feng et al. 2023; Li et al. 2003), which showed
the average ET of potato ranged from 250 mm/yr to
422 mm/yr in Northern China. The estimated ET of
wheat was also comparable with the spring wheat (Li
et al. 2023; Tong, Kang, and Zhang 2007), but higher
than the winter wheat in the North China plain (Zhang
et al. 2022), most likely due to the much higher atmo-
sphere water demand of spring wheat during summer
period in the study region. Droplet evaporation E, was
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Figure 10. Daily k. and ET for potato and wheat for the growing season in 2019 in the study area.

Table 5. Summary of the estimated components of water use and water requirement for the
irrigation performance indicators of the growing season @7t April—4th October, 2019) in 2019 in

the study area.

Components Potato (mm) Wheat (mm)
Crop Water Requirement (CWR) [ET.] 555.0 538.2
Precipitation (P 214.5 211.7
Effective precipitation (Pes) 1409 140.0
Water Allocation (V) 306.2 3343
Droplet evaporation (E4) 46.1 50.8
Interception loss (E;) 31.7 28.5
Plant transpiration and soil evaporation from ETMonitor [E, + E] 4241 479.5
Net Irrigation water requirement (N/IWR) [CWR - Pq] 414.1 398.2
Gross Irrigation water requirement (GIWR) [NIWR + loss] 534.4 513.8
Gross irrigation water use (GIWU) [(ET, - Pes) + loss] 361.0 418.8
Irrigation Performance (/P1) [NIWR/V] 14 1.2
Irrigation Performance (/P2) [GIWR/V] 1.6 1.4
Irrigation Performance (/P3) [GIWR/GIWU] 1.4 1.1

estimated as 46 mm and 51 mm and interception loss E;
as 32 mm and 28 mm for each crop during the whole
growing season. These correspond to a total loss of
25.4% and 23.7% of the total water allocated to each
crop, respectively. The GIWU by the CPIS was esti-
mated to be 361 mm for potato and 419 mm for
wheat for the whole growing season.

The CWR was estimated to be 555.0 mm for potato
and 538.2 mm for wheat. The P, was estimated to be
140 mm, much lower than the CWR, resulting in the
NIWR of 414.1 mm and 398.2 mm for potato and
wheat, respectively. The GIWR in a standard CPIS
would be 534.4 mm and 513.8 mm for optimal growth
of potato and wheat, respectively. Irrigation was recog-
nized as the most effective way of increasing crop yield,

and farmers apply supplemental irrigation for two to
four times by pumping groundwater for increasing
crop yield and maximizing economic benefits (Li et al.
2023). According to the irrigation schedule (Table 5),
the total water amount allocated to potato and wheat
was estimated to be 306 mm and 334 mm, respectively.
Comparably, the averaged net irrigation requirement
rates of spring wheat was 353.20 mm in the Shiya river
basin in the Northeast China with much drier climate
(Kong et al. 2023). This large amount of irrigation from
groundwater may result in serious environmental
impacts such as soil salinization and groundwater
depletion, which are threatening the sustainability of
local agricultural production and water resource man-
agement (Shi et al. 2023).
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Figure 11. Graphical representation of different IPs of CPIS estimated in this study.

The IP-values show that in most cases the CPIS was
underperformed. Water allocation was not even suffi-
cient to meet NIWR, i.e. IP1 = 1.35 for potato and 1.19
for wheat. The IP2 values, i.e. 1.61 for potato and 1.43
for wheat, showed that the allocated water was insuffi-
cient to meet the crop water requirements estimated
according to the FAO guidelines (Allen et al. 1998).
The overall performance of the irrigation system was
highly insufficient, IP3 = 1.36 for potato and 1.14 for
wheat. IP2 and IP3 can be considered as the best way
to evaluate the performance of any irrigation system,
which includes not only the NIWR (like in IPI) but
also application losses. They take into account the
actual practice of water application by the farmer/
land-holder/administrative divisions and the standar-
dized efficiency of the irrigation system (to achieve
optimum requirement) to evaluate the actual
water use.

It should also be noted that the IPs in this study
focus on different aspects of water, e.g. water use and
requirement, while they do not include crop yield,
which is farmer’s final product. Integrated perfor-
mance indicators, e.g. crop water productivity (CWP,
equal to the ratio of crop yield to crop water con-
sumption), are helpful and suggested for further
studies to provide a more comprehensive analysis.
A higher CWP results in either the same crop yield
from less water resources, or a higher yield from the
same water resources, so CWP could be of direct
benefit for farmers. A moderate deficit irrigation
has been shown to lead to similar yields and
increased CWP (Asmamaw et al. 2021; Fereres and
Soriano 2007; Yang et al. 2022). Given the limited
availability of water resources, technologies, and the-
ories to improve the irrigation practice for higher
CWP are highly appreciated for farmers and water
management sectors.

5. Conclusions

This study contributes to evaluate the performance of an
irrigation system toward precision irrigated agriculture,
and it is achieved through the comprehensive evaluation
of the irrigation water requirement and actual water use
considering the water losses. This is achieved mainly by
integrated usages of hydrological modeling and satellite
remote sensing at high spatial and temporal resolution.
The loss due to droplet evaporation directly from the air
is fairly constant (2-5mm) across all the irrigation
events regardless of vegetation cover. The loss due to
evaporation of canopy intercepted water remains negli-
gible (0 mm) during the early stage of crop growth and
reaches its maximum of 2.3 mm for potato and 2.1 mm
for wheat per irrigation event during the mid-season
when the canopy cover is maximum for both crops.
This accounts for 13.3% (potato) and 12.12% (wheat)
of the sprinkler discharge. The precise proportion of
losses estimated during each application can be attrib-
uted to our proposed approach in mapping both com-
ponents. The estimates of gross irrigation water use
were in good agreement with the ground observations,
with R® of 0.64-0.81 for actual water use and 0.66-0.97
for water losses. The RMSE was 0.59-1.82 mm/day for
actual daily water use and 0.64-1.55 mm/day for water
losses for each irrigation, respectively. The daily varia-
tion of each component of gross irrigation water
requirement and gross irrigation water use reflects
a good relationship between each other. Information
on the actual practice of the farmer was collected and
used to estimate the amount of irrigation to be applied
only during the irrigation events. This is very helpful for
the correct representation of the irrigation practice in
the new approach proposed in this study. Overall, the
study shows that center pivot irrigation system has
underperformed in minimizing water losses with losses



of 52,897.5 m*/season, i.e. 25.4% of the total amount of
water applied, for wheat and 103,807.2 m*/season, i.e.
23.7% for potato in the study area. Each of the IPs
addresses a specific aspect of the efficiency of the irriga-
tion system. This implies that the amount of water
applied was largely insufficient to meet the gross water
requirements, i.e. including losses. These imply the
necessity to improve the irrigation practice to use
the water more efficiently and save water given that
the water resource is limited.

ETMonitor, driven by mainly high spatial resolution
remote sensing data, can play a critical role in character-
izing actual water use. The combined use of Sentinel-2
MSI Level-2 and Landsat-8 OLI Level-2 multi-spectral
images provided data with higher temporal frequency to
generate daily field-scale estimates of crop water require-
ments and use. A good accuracy was achieved in estimat-
ing evaporation. The same was applicable to identify the
spatial uniformity of irrigation application, which was
captured by the detailed maps of irrigation components
using high-resolution satellite data and simulation mod-
els. Tt is highly recommended to consider the irrigation
method and farmers’ practice to estimate crop water
requirement and consumptive water use by using satellite
image data as well as to evaluate the performance of an
irrigation system. The proposed method is helpful to
evaluate the performance of irrigation water manage-
ment systems, and it could be further improved by inte-
grating with more comprehensive indicators (e.g. crop
water productivity) to support agricultural water use
efficiency evaluation.
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