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Abstract

Evaluating irrigation performance in large systems is often limited by the availability

of reliable water use data. Satellite-driven actual evapotranspiration (ET,) estimates are used herein
as water use surrogates to assess the year-to-year inter-seasonal irrigation performance in 46 canal
commands in the Indus Basin irrigated system (IBIS), the largest in the world (~160 000 km?).
The accuracy and reliability of the ET, estimates are verified using two previously published locally
adjusted satellite-driven ET, estimates, as well as field ET, estimates. Inter-seasonal variability
(canal command water use in time) and equity (inter- and intra-canal command water use)

are assessed from 2000 to 2018 using violin-plots time-series for the two irrigation seasons, the wet
“Kharif” and dry ‘Rabi’. The violin-plots probability density functions are used to assess intra-canal
command equity; and their seasonal time-series to assess inter-seasonal variability. The long-term
multi-year assessment conducted here, the first for the IBIS using consistent satellite-driven

ET, time-series, shows that canal commands with ready access to groundwater exhibit more equity
and less inter-seasonal variability when compared to canal commands chiefly reliant on surface
water supplies; with the latter showing intra-canal command inequities between head-end and
tail-end irrigated areas. Also, ET, in canal commands is mostly slightly increasing and there is low
inter-seasonal variability in both irrigation seasons, except for two canal command at the system-
end, which show higher inter-seasonal variability and inequity than their upstream counterparts.

The methods employed here can be used in large irrigated systems elsewhere to assess ongoing
irrigation performance and to verify results of targeted (non)structural irrigation management.

1. Introduction

Increased reliance of surface and groundwater to meet
the demand for food and other agricultural products
is placing water resources on an unsustainable traject-
ory in many parts of the world (Gleeson and Wada
2013, Wada and Bierkens 2014). The largest irrigated
system in the world, the Indus Basin irrigated sys-
tem (IBIS, ~160 000 km?, FAO 2012) in Pakistan is
arguably on this trajectory; with declining groundwa-
ter levels and salinity impacting water availability and
crop productivity (Briscoe and Qamar 2005, Khan
et al 2017, Kirby et al 2017 and references therein).
The IBIS is the lifeline of Pakistan, serving ~90 000
farmers and providing food and economic security
for ~207 million people (FAO 2012). The Chenab,
Jhelum, Kabul and Indus rivers provide inflows

© 2020 The Author(s). Published by IOP Publishing Ltd

(~159.3 km® yr~!) to the IBIS, whereas flows from
the Sutlej Ravi and Beas rivers (~7.8 km? yr~! inflow
into Pakistan) are largely diverted to India as per the
Indus Water Treaty (UN 1960, IRSA 2020). To mitig-
ate the diversions to India, the Mangla Dam (current
capacity of ~9.1 km?, storing 36% of the total inflows)
and Tarbela Dam (current capacity of ~7.4 km?3, stor-
ing 12% of the total inflows), 16 barrages, 14 inter-
river link canals and ~60 000 km of main canals were
built to provide controlled irrigation to ~16 million
ha (FAO 2012, Stewart et al 2018, Ahmad et al 2020a).
For a detailed schematic diagram of the IBIS (depict-
ing the system as of 2020) refer to figure Al in Ahmad
et al (2020a).

Surface water resources in the IBIS are alloc-
ated seasonally at the provincial level—combining
a complex procedure of water resource assessment
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and forecasting—and then to canal command areas
grouped in management zones (MZs) (GOP 1991).
The irrigation system is supply-based, originally
designed to support one crop per year while achieving
equity of surface water supply between users propor-
tional to their landholding (Ahmad et al 2009). With
groundwater development over the last five decades
(mainly in the Punjab province) (Kirby et al 2017),
irrigated area and crop intensity increased (Ahmad
et al 2014a). Water conveyed to farmers through an
extensive canal network follows a time-based (gen-
erally seven-day) rotational system, where in order
to achieve equity in surface water supplies (Bandar-
agoda 1998) each farmer can take the entire flow of
the outlet for a period proportional to their land area
and not by crop demand. Depending on the availab-
ility of water resources, this commonly results in sea-
sonal differences in the cropped area and/or deficit
irrigation practices (Ahmad et al 2019). In times of
water shortage, farmers either apply deficit irrigation
and/or use groundwater (where possible).

Assessing irrigation performance in large systems
like the IBIS is complex because of the gaps in water
supply and demand information (Bhatti et al 2019,
Bierkens and Wada 2019). Several performance met-
rics have been proposed to evaluate irrigation systems
(Burt et al 1997, Karimi et al 2012). Equity is the key
performance indicator used in the IBIS management.
Traditionally, equity is calculated from canal water
supply (i.e. cumecs per hectare), but flow monitoring
stations and associated data in the IBIS are not gen-
erally available for all irrigation outlets, have limited
geographic spread, or require laborious compilation
and harmonization by various line agencies (Anwar
and Bhatti 2018). In a water-scarce system like the
IBIS, equity in water use is more relevant for farmers
and local to national management and can be com-
puted from satellite-driven actual evapotranspiration
(ET,). Satellite-driven ET, has long been recognised
as a robust and cost-efficient approach to quantify
overall water use and monitor water management
practices (Bastiaanssen and Bos 1999). By includ-
ing all possible sources of water depletion (includ-
ing irrigation supply, water from rainfall and soil
water) in a spatially-explicit way, satellite-driven ET,
provides a more complete picture about the state of
water resources in an irrigated area than canal water
supply alone (Bastiaanssen and Bos 1999). Satellite-
driven ET, was used in a limited number of canal
commands in the IBIS for assessing irrigation per-
formance (Ahmad et al 2009, Usman et al 2015, Shah
et al 2016). ET, characteristics were assessed in the
IBIS (or large parts thereof) using locally adjusted
satellite-driven models (Bastiaanssen et al 2002, 2012,
Ahmad et al 2008, 2009, Liaqat et al 2015, Simons
et al 2020). Except for the 8 year data period used
in Simons et al (2016) to assess the long-term water
balance components in the system, the other cited
studies estimated ET, for a particular year only. The
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IBIS has large spatial and temporal precipitation vari-
ability (Cheema and Bastiaanssen 2012), high and
variable evaporative demand (Bastiaanssen et al 2002,
Ahmad et al 2019), high seasonal variability in inflows
(Archer 2003), variability of the naturally saline soils
(Qureshi and Barrett-Lennard 1998) and variabil-
ity in groundwater quality and use (Qureshi et al
2014, Ahmad et al 2014b), which all lead to vari-
able cropping systems (Cheema et al 2020). Besides
these dynamic atmospheric and landscape processes,
infrastructure projects enhancing the IBIS’s irriga-
tion network, regulation and management continue
to be implemented (Young et al 2019). To this day,
no study has attempted to describe the time-series
inter-seasonal ET, or irrigation performance dynam-
ics of the IBIS. The aim of this letter is, for the first
time, to assess two metrics of irrigation perform-
ance, seasonal irrigation variability and equity in the
early 21st century (2000-2018) for the 46 IBIS oper-
ational canal commands downstream of the Tarbela
and Mangla dams (figure 1). Verified satellite-driven
ET, estimates are used for this purpose. The assess-
ment is conducted for the two main irrigation sea-
sons: wet summer ‘Kharif’ (April to September) and
dry winter ‘Rabi’ (October to March). The approach
utilises only the characteristics of the probability
density function (PDF) of the ET, pixels within the
canal command to assess the irrigation performance
metrics.

2. Materials and methods

ET, estimates (500 m resolution) for the IBIS were
computed on a 10-day basis via the CMRSET (CSIRO
MODIS ReScaled EvapoTranspiration) ET, model
(Guerschman et al 2009), from February 2000 to
December 2018 (Pefia-Arancibia et al 2020a). CMR-
SET was positively evaluated in several studies under
different climates and over a range of land covers
(Simons et al 2016, Karimi et al 2019, Paca et al 2019,
Weerasinghe et al 2020, Pefia-Arancibia et al 2020b).

CMRSET scales reference evapotranspiration
(ETy) via a crop factor obtained from the Enhanced
Vegetation Index (EVI) (Huete et al 2002) and the
Global Vegetation Moisture Index (GVMI) (Ceccato
et al 2002). The IBIS ET, estimates used 10-day
cloud free EVI and GVMI composites obtained
via Google Earth Engine (Gorelick et al 2017)
from the daily moderate resolution imaging spec-
troradiometer (MODIS) surface spectral reflect-
ance product (MODO09GA collection 6, Vermote
and Wolfe 2015). The 10-day vegetation indices were
gap-filled (as needed) by harmonic analysis of time
series (Zhou et al 2015). ET was estimated using the
Hargreaves (1974) equation from a combination of
local gridded ~2.5 km temperature analysis and post-
processed GLDAS ~25 km reanalysis data (see Pefa-
Arancibia et al 2020a for details; Rodell et al 2004).
To assess their suitability for the analyses conducted
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Figure 1. Geographic location of canal commands, main canals, rivers, dams and headworks within the Indus Basin irrigated
system (IBIS), color-coded according to an established management zone (MZ, see table S1 in supplementary material, which is
available online at stacks.iop.org/ERL/16/014037/mmedia). Note that Rainy and Kachhi canal commands are not assessed as they
are under construction at the time of writing. For a detailed schematic diagram of the IBIS (depicting the system as of 2020) refer
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herein, CMRSET ET, estimates were verified (both
within year variations and spatial consistency) at the
canal command scale against two locally calibrated
1 km MODIS-driven monthly ET, datasets previ-
ously implemented in the IBIS (or part thereof):
ETLook (Bastiaanssen et al 2012, Cheema 2012)
and SEBAL (Ahmad et al 2008). The supplementary
material provides a detailed description of the veri-
fication of the ET, estimates used herein, and Pefia-
Arancibia et al (2020a) provide additional details on
the implementation and verification. CMRSET ET,
also compared favourably in magnitude and season-
ality against in-situ Bowen ratio ET, measurements at
two different locations in the Punjab (Penia-Arancibia
et al 2020a).

Two irrigation performance metrics, seasonal
variability and equity were assessed using ET, as a
proxy for water use based on the concepts of Basti-
aanssen ef al (1996) and Siddiqi et al (2018): (a) Sea-
sonal variability is defined as the degree of temporal
consistency in seasonal inter- and intra-canal com-
mand water use, and can be inferred from past sea-
sonal estimates of ET,. (b) Equity is defined as the
inter- and intra-canal command variability of water

use for a particular season and can be inferred by
the spatial variability of the ET, estimates within the
boundaries of the canal command. Itis noted that ET,
does not equate to canal deliveries as water can be lost
to recharge and return flows (Ahmad et al 2014a).
Also, ET, can be supplemented from groundwater
extractions in some canal commands with access to
good quality groundwater (Ahmad et al 2005). Using
only ET, derived metrics cannot address the adequacy
of water supply to satisfy crop water demand (Moran
1994). However, in a system in which equity is the
primary management aim and deficit irrigation is
commonplace; the proposed performance metrics are
suitable to assess irrigation performance and inform
irrigation management.

Evaluating ET, within canal command areas in
time and space therefore can provide a way to dia-
gnose seasonal variability and equity. Time-series of
violin-plots (Hintze and Nelson 1998) are used for
this purpose, alongside the coefficient of variation
(CV, the ratio of the standard deviation to the mean
expressed here as a percentage). Violin-plots combine
traditional summary statistics of box plots and the
shape of the PDF in a single plot, making them useful
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to assess the dynamics of PDFs both in space and time.
The violin-plots are used to assess the intra- and inter-
seasonal variability of a canal command, all pixels
within a canal command boundary are included to
capture the inherent variability of the existing land
cover in space and time. The variability in a given sea-
son may include expanding or contracting irrigated
fields (depending on the water resource availability or
construction/abandonment of canal infrastructure)
or encroachment of semi or urban areas on agricul-
tural land. The assessment is largely independent of
the accuracy of the ET, estimates if these are sensit-
ive to the seasonal variations and magnitudes of the
different land covers present in the IBIS, and do not
show systematic biases. The verification (see supple-
mentary material) of the IBIS CMRSET ET, estimates
(Pefia-Arancibia et al 2020a) used herein confirmed
they are fit-for-purpose.

The seasonal non-parametric Mann—Kendall test
(Hirsch et al 1982) and the Sen-slope method (Sen
1968) were used to investigate trends in the seasonal
ET, time-series, both per-pixel and aggregated to the
canal command scale.

3. Results

3.1. Diagnosing seasonal variability and equity
using violin-plots

Three representative canal commands areas, in loc-
ations with different irrigation management, were
chosen to illustrate how seasonal variability and
equity can be interpreted using violin-plots from the
ET, PDFs (figure 2). The three canal commands have
long distances (>20 km) between head-end and tail-
end irrigators to test equity. The season chosen is
the wet Kharif, when high water demand crops (e.g.
rice and cotton) are grown. The first canal command
assessed, the Upper Chenab Canal-Internal (UCC-
INT) canal command (area 3 in figure 1), is in the
upper IBIS, precipitation is ~520 mm yr~!, surface
water irrigation deficits are normally met by pump-
ing groundwater (Ahmad et al 2009, 2014b). Rice and
wheat are the major crops in the Kharif and Rabi sea-
sons, respectively. The PDF of Kharif ET, shows that
generally ET, > 400 mm season™—!, with most pixels
having an ET, > 500 mm season™'. The intra-canal
command CV is low at 8.95%. The violin plot shows
that UCC-INT can be classified as a reasonably equit-
able canal command, if both surface and ground-
water are considered. Variability can be explained
by the temporal changes reported in the time-series
of Kharif ET, violin-plots. If the shape and mag-
nitudes are relatively maintained through time, then
UCC-INT can be classified as having low seasonal
variability.

The second canal command assessed, the Abbasia
canal command (area 30 in figure 1), is in the
middle IBIS, precipitation is ~189 mm yr~!, there
is little groundwater pumping to supplement surface
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water supplies due to marginal to poor groundwa-
ter quality (Ahmad et al 2014b). Cotton and wheat
are the major crops in the Kharif and Rabi sea-
sons, respectively. The PDF of Kharif ET, shows
reasonably high ET, variability. Very low ET,
(<100 mm season™!) can be attributed to the desert
areas to the south of the canal command. However,
tail-end areas covered by the irrigation network also
show low (<300 mm season ') ET,. Most pixels have
ET, > 400 mm season—!. The intra-canal command
CV is high at 49.59%. Although some of the CV can
be explained by the desert areas, the Abbasia canal
command can be classified as reasonably inequitable.
The third canal command assessed, the Pinyari
canal command (area 46 in figure 1), is at the IBIS
system-end, precipitation is ~154 mm yr~!, ground-
water is of poor quality and therefore there is little
or no pumping to supplement surface water supplies
(Ahmad er al 2014Db). Rice and wheat are the major
crops in the Kharif and Rabi seasons, respectively. The
PDF of Kharif ET, shows high ET, variability. Very
low ET, (<100 mm season™!) can be attributed to
the desert areas south of the canal command. How-
ever, many of the tail-end areas covered by the irrig-
ation network show low (<300 mm season~') ET,.
ET, is highly variable, and in most pixels, it gener-
ally ranges from 200-450 mm season!, low when
compared to the other two canal commands. The
intra-canal command CV is high at 45.18%. Note
that the Pinyari canal command CV is lower than the
Abbasia canal command, but it is evident that because
of the variability shown in the shape of the violin plot
(i.e. the large widths with ET, in the range of 300—
400 mm season ! in figure 2(i) compared with those
for this ET, range in figure 2(f)) it is overall more
inequitable. This occurs because the distributional
characteristics between canal commands vary and CV
is nota robust estimator when data are not distributed
normally (Ospina and Marmolejo-Ramos 2019).

3.2. IBIS ET, spatial and temporal variability and
equity

Figure 3 shows the spatial characteristics of mean
annual (cropping year, April to next March), mean
Kharif and mean Rabi ET,, respectively. Figure 3
also shows spatial ET, trends (computed using Sen-
slope per pixel) and ET, CV. Spatial differences
in mean ET, are more noticeable during the wet
Kharif season, with relatively higher values in the
Punjab mixed zone serviced by the Sidhnai Barrage
(~500 mm season”!, orange hues in figure 1, see
table S1 for details), and in the Sindh rice area ser-
viced by the Guddu Barrage (~530 mm season™!,
dark blue hues in figure 1). The lower values are at
the system-end canal commands serviced by the Kotri
Barrage (~395 mm season ™!, green hues in figure 1).
Dry Rabi ET, values are less variable, with relatively
higher values in the Sindh rice zone serviced by the
Sukkur Barrage (~430 mm season— !, red hues in
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Figure 2. Comparison of the probability density functions and violin-plots for selected canal commands. (a) Shows the spatial
ET, estimates for the 2017 wet ‘Kharif” season (April to September) in the Upper Chenab Canal-Internal (UCC-INT), (b) the
probability density function (PDF) of the canal command ET, pixels and a non-parametric (kernel) fitting and (c) the violin-plot
using the non-parametric (kernel) fitting and associated box and whisker plot; (d)—(f) idem but for the Abbasia canal command;
(g)—(i) idem but for the Pinyari canal command.

figure 1). Trends in both seasons seem to be generally
slightly increasing (5-10 mm season™! yr™!), except
for the high increases (>10 mm season™! yr~!) in the
Chashma Right Bank Canal in Khyber Pakhtunkhwa
and Punjab provinces during Kharif (areas 18
and 19 in figure 1). There are also decreases (5-
10 mm season™ ! yr~ 1) in the Sindh rice areas served
by the Guddu and Sukkur barrages. The CV shows
mostly low values (<20%) in areas covered by the
irrigation canal network.

The Kharif ET, violin-plots time-series for the 46
canal commands are shown in figure 4. The statistics
reported for each time-series are the mean annual CV
(in %), the Sen-slope trend (in mm season—! yr—!,
computed as the trend of the spatial mean ET, val-
ues) and the trend p value. The canal commands
in the third and fourth row in green correspond
to the Punjab SVC MZ and are used as an illus-
trative example because they show some variation

in the PDF shapes and some variability. ET, is
increasing significantly (p < 0.01) in all canal com-
mands (mean of 4.8 mm season~! yr~! range 3.37—
8.96 mm season~! yr~!). CVs are low on average
(mean of 15.70%, range 9.70%-33.20%). The time-
series mean ET), is noticeably increasing in Karanga,
LDC, UPC + UMC, FC and UBC + QC (areas 10,
12,13 and 14 in figure 1). These canal commands can
be considered with low variability and equitable. The
PDF in ESC (area 15 in figure 1) shows more vari-
ability on a season-to-season basis, this canal com-
mand is at the edge of the system and adjacent to
desert areas with irrigation expanding therein (Kirby
and Ahmad 2016), as the PDF shape in later sea-
sons has generally higher ET, values in the lower
range (see the areas with low ET, in figure 3(d) along-
side the increasing ET, trends in figure 3(e) for this
canal command). Other canal commands in different
MZs also share ESC’s characteristics (the Thal canal
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command, LBC, Abbasia, PFC, Ghotki, NWC, Dadu,
U Nara, respectively areas 17, 29, 30, 32, 36, 37, 39, 43
in figure 1). These canal commands can be considered
with reasonable variability and reasonably inequit-
able. CRBC-P (area 19 in figure 1) is a special case, it
shows a steady increase in mean and PDF ET,, becom-
ing more stable in later seasons. CRBC-P was com-
pleted in 2003 thus expanding the irrigation frontier
(Atta-Ur-Rahman and Khan 2008).

It is readily apparent that in the Punjab FLC
MZ (two first rows in blue hues), the canal com-
mands with access to groundwater to supplement sur-
face water shortfalls have less variability and are rel-
atively equitable. The PDFs are generally narrowly
concentrated around the median, and median ET,

values do not vary much seasonally, CVs are low
on average (mean of 10.90%, range 7.60%-15.16%).
Some canal commands particularly in the Indus
mixed MZ (orange hues, see particularly URC, Haveli,
Sidhnai) also have these characteristics, they have
access to groundwater and inter-river transfers from
the Indus River (Ahmad et al 2014b). Canal com-
mands in other MZs further downstream, gener-
ally show PDFs that are oblong around the median,
which means more intra-canal command variability
in ET, and hence relatively less equity. This can be
seen in all the canal commands in the Sindh Guddu
Barrage MZ (dark blue hues), Sindh Sukkur Bar-
rage MZ (red hues). There are no drastic changes in
the shapes of the canal command PDFs or drastic
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changes in the median values; hence although relat-
ively less equitable, the inter-season variation is low.
In the Sindh Kotri and Kalri barrages MZ, the Kalri
and Lined canal commands show very similar PDFs
and medians over the years. Although ET, means
are relatively lower, these canals can be considered
of low variability and relatively equitable. Conversely,
Pinyari and Fuleli show changes in both PDFs and
ET, means over the years, thus these canal com-
mands can be considered of high variability and rel-
atively less equitable. There are significant (decreas-
ing) increasing trends (p < 0.01) in ET, in (2) 32 canal
commands.

The Rabi violin-plots time-series for the 46 canal
commands (figure 5) show similar patterns as the
Kharif violin-plots, but overall, there seems to be
more intra-canal command equity as PDFs do not
change drastically (even for Pinyari and Fuleli). There
are less variations, and slight significant increasing
trends (p < 0.01) in ET, in 24 canal commands.

4, Discussion

This study used satellite-driven ET, to provide a
consistent spatiotemporal way to assess two com-
monly used irrigation performance metrics, seasonal
variability and equity, in the 46 canal commands
in the IBIS. The main advantage is arguably that
satellite and meteorological data needed to estim-
ate ET, are readily available online or through the
developers, or more recently via Google Earth Engine
(e.g. Zhang et al 2019). Monthly CMRSET ET, data
from March 2000 to December 2018 for the IBIS
area subtending the canal commands (figure 1) at
500 m resolution are available to the public via the
CSIRO Data Access Portal (see data availability state-
ment) https://doi.org/10.25919/18h2-vf51. The ET,
data was used to estimate the time-series water bal-
ance for the canal commands in the IBIS (Ahmad et al
2020a), thus providing information on magnitudes
and trends of rainfall, ET,, canal deliveries, ground-
water levels and unaccounted inflows and outflows.
Satellite-driven methods that rely solely on
routinely used vegetation indices to estimate ET,
have known limitations (Glenn et al 2010). Satellite-
driven ET, estimates are most accurate for homo-
geneous land covers. At 500 m resolution, a MODIS
pixel is much larger than the average irrigation field
in the IBIS, thus the large land cover heterogeneity
is expected to result in less ET, accuracy (Glenn et al
2011). The time-lag between the onset of vegeta-
tion moisture stress and its manifestation through
vegetation indices can result in higher ET estimates
than those measured, for example, by complex soil—
vegetation—atmosphere transfer models (Kustas and
Anderson 2009). In addition, the accuracy of satellite-
driven ET, models is related to the accuracy of the
ground methods on which they are calibrated (Glenn
et al 2011). CMRSET was calibrated with flux tower
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data, which have an accuracy of 10%-30%. Under
semi-arid conditions in Australia (similar to those in
the IBIS), CMRSET ET, estimates had comparable or
better accuracy than other satellite-driven ET, mod-
els, when compared to flux tower data (Guerschman
et al 2009). An independent evaluation of CMRSET
using long-term catchment water balance data from
227 Australian catchments also showed an accur-
acy (in terms of the root mean squared error) of
~20% with no significant biases (Guerschman et al
2009). Regardless of the uncertainty in CMRSET’s
ET, accuracy, the nature of the present assessment
relies on the inter-seasonal patterns of ET, within
and between canal commands. If these ET, estim-
ates are sensitive to the seasonal variations and mag-
nitudes of the different land covers present in the
IBIS (as described in the supplementary informa-
tion), they provide reliable understanding of canal
command seasonal variability and equity, and hence
are useful for irrigation management. Although the
500 m MODIS spatial resolution may be insufficient
to assess irrigation performance for individual irriga-
tion fields, it is suitable at the canal command scale. It
is possible to improve the spatial resolution for areas
that require more detail using data from the recently
launched satellites like Landsat 8 (30 m) and the
and Sentinel-2 (10 m) satellite constellations, along-
side blending techniques that make use of medium-
resolution-high-frequency MODIS data with high-
resolution-low-frequency Landsat/Sentinel 2 data
(Emelyanova et al 2012). The method can also be
used to assess if targeted (non)structural irrigation
management has any influence on ET, variability
and equity. This assessment of the management of
the nearly fully utilized IBIS (Kirby et al 2017, FAO
2019, Ahmad et al 2020a) revealed that it experienced
low inter-seasonal variability but with inequity (to
varying degrees) in canal commands that did not have
ready access to groundwater (particularly in Sindh).
High variability and relatively low equity were found
in canal commands at the system-end, mainly during
Kharif. This result concurs with Hassan et al (2019),
that analysed reliability in Sindh using flows in the
Sindh barrages. It was found that ET, is increasing
in most canal commands during Kharif. Temperat-
ure, the basis of the Hargreaves reference ET, used
herein in the absence of more spatially resolved data,
may not be the strongest control of ET, as indic-
ated by experimental studies elsewhere (Donohue
et al 2010, Hobbins et al 2012). Moreover, although
19 years of ET, estimates were used in the assess-
ment, thereby capturing this century’s management
rules, climate variability is captured only to an extent
(Cook et al 2013).

Irrigated agriculture has expanded in recent
decades in Punjab, chiefly because of groundwa-
ter pumping (Ahmad et al 2014b, 2019), whilst
canal command water deliveries remained essen-
tially constant (Ahmad et al 2020c). Although our
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study suggest that groundwater use has achieved low
variability and equity in most Punjab canal com-
mands, there are concerns about the sustainability of
groundwater because of large decreases in ground-
water tables in some canal commands (Watto and
Mugera 2016). Recent studies (Young et al 2019,
Simons et al 2020) suggest groundwater withdrawals
are compensated somewhat by recharge, but there is
evidence from GRACE total water storage anomalies
and hydrological modelling that this balance maybe
tilting to an unsustainable situation (Wada et al 2012,
Igbal et al 2017). Water balance modelling for the IBIS
by Ahmad et al (2020a), which used long-term obser-
vations on groundwater levels, confirmed that water
use is becoming less sustainable in several canal com-
mands, especially in the Punjab province. The chal-
lenges are further exacerbated by changes in the sea-
sonality and amounts of rainfall, and by rapidly redu-
cing current limited (~10% of mean annual flows)
water storage capacity due to sedimentation (Ahmad
et al 2020b, 2020c¢).

5. Conclusion

This study showcased how long-term satellite-driven
ET,, and a visual representation summarizing the
inter- and intra-canal command ET, pixel variab-
ility through violin-plots, can be used as a prag-
matic proxy to infer irrigation variability and equity
in large irrigation systems, two metrics commonly
used to asses irrigation performance. The assessment
conducted per irrigation season (wet ‘Kharif’ and
dry ‘Rabi’) in the 46 IBIS canal commands areas
(~160 000 km?) from 2000 to 2018, shows clear pat-
terns: (a) canal commands that supplement canal
water supply with groundwater are reasonably of
low variability and equitable (mostly in the Punjab
province); (b) canal commands in most MZs that rely
mostly on canal water supply have low variability over
the years, and show intra-canal command inequit-
ies; (c) canal commands at the system-end are out-
standing in that they can have high variability and also
show variable intra-canal command inequities. While
good quality groundwater can make up for shortfalls
in canal water supply in some canal commands and
improve equity, its use over time can become unsus-
tainable and hamper irrigation management goals.
The use of satellite-driven ET, time-series provides an
opportunity for monitoring irrigation dynamics and
the assessment of structural and policy improvements
on irrigation performance, in the IBIS and irrigated
systems elsewhere.

Data availability statement

The data that support the findings of this study
are openly available at the following URL/DOL:

J L Pefia-Arancibia and M D Ahmad

https://doi.org/10.25919/18h2-v{51 (Pefia Arancibia
and Ahmad 2020.

Acknowledgments

This work contributes to the Australian Govern-
ment’s Department of Foreign Affairs and Trade
(DFAT) South Asia Sustainable Development Invest-
ment Portfolio (SDIP) Indus project in Pakistan
and is supported by the Australian Aid Program.
The authors acknowledge Maryam Ahmad and Tim
McVicar (both at CSIRO Land and Water) and two
anonymous reviewers for valuable comments. The
IOP peer-review team, led by Editor John Keen, is
gratefully acknowledged for handling the review pro-
cess.

ORCID iDs

Jorge L Pefia-Arancibia
0002-4952-9293
Mobin-ud-Din Ahmad @ https://orcid.org/0000-
0002-2905-5991

https://orcid.org/0000-

References

Ahmad M D, Gamage N, Vithanage J, Masih I, Muthuwatte L,
Gunasinghe S and Hussain A 2008 Assessing the impact of
physical and management interventions through RS/GIS
tools on irrigation system performance in Punjab Pakistan
(Final Report 2008) (Colombo, Sri Lanka: International
Water Management Institute)

Ahmad M D, Pefia-Arancibia J L, Stewart ] P and Kirby ] M 2020a
Water balance trends in irrigated canal commands and its
implications for sustainable water management in Pakistan:
evidence from 1981 to 2012 (accepted) Agric. Water Manage.
(https://doi.org/10.1016/j.agwat.2020.106648)

Ahmad M D, Stewart J P, Pefia Arancibia J L and Kirby ] M 2020b
Sindh water outlook: impacts of climate change, dam
sedimentation and urban water supply on irrigated
agriculture p 52 (Australia) (available at:
https://publications.csiro.au/publications/#publication/
Plcsiro:EP20475) (Accessed July 2020)

Ahmad M D, Stewart J P, Pefia Arancibia J L and Kirby ] M 2020c
Punjab water outlook: impacts of climate change and dam
sedimentation on water for irrigated agriculture p 50
(Australia) (available at: https://publications.csiro.au/
publications/#publication/Plcsiro:EP20613) (Accessed July
2020)

Ahmad M D, Turral H and Nazeer A 2009 Diagnosing irrigation
performance and water productivity through satellite
remote sensing and secondary data in a large irrigation
system of Pakistan Agric. Water Manage. 96 551—64

Ahmad M-U D, Kirby M, Islam M S, Hossain M J and Islam M M
2014b Groundwater use for irrigation and its productivity:
status and opportunities for crop intensification for food
security in Bangladesh Water Resour. Manage. 28 1415-29

Ahmad M-U-D, Bastiaanssen W G M and Feddes R A 2005 A new
technique to estimate net groundwater use across large
irrigated areas by combining remote sensing and water
balance approaches, Rechna Doab, Pakistan Hydrogeol. J.

13 653-64

Ahmad M-U-D, Kirby ] M and Cheema M J M 2019 Impact of
agricultural development on evapotranspiration trends in
the irrigated districts of Pakistan: evidence from 1981 to
2012 Water Int. 44 51-73


https://doi.org/10.25919/18h2-vf51
https://orcid.org/0000-0002-4952-9293
https://orcid.org/0000-0002-4952-9293
https://orcid.org/0000-0002-4952-9293
https://orcid.org/0000-0002-2905-5991
https://orcid.org/0000-0002-2905-5991
https://orcid.org/0000-0002-2905-5991
https://doi.org/10.1016/j.agwat.2020.106648
https://publications.csiro.au/publications/#publication/PIcsiro:EP20475
https://publications.csiro.au/publications/#publication/PIcsiro:EP20475
https://publications.csiro.au/publications/#publication/PIcsiro:EP20613
https://publications.csiro.au/publications/#publication/PIcsiro:EP20613
https://doi.org/10.1016/j.agwat.2008.09.017
https://doi.org/10.1016/j.agwat.2008.09.017
https://doi.org/10.1007/s11269-014-0560-z
https://doi.org/10.1007/s11269-014-0560-z
https://doi.org/10.1007/s10040-004-0394-5
https://doi.org/10.1007/s10040-004-0394-5
https://doi.org/10.1080/02508060.2019.1575110
https://doi.org/10.1080/02508060.2019.1575110

10P Publishing

Environ. Res. Lett. 16 (2021) 014037

Ahmad M-U-D, Masih I and Giordano M 2014a Constraints and
opportunities for water savings and increasing productivity
through resource conservation technologies in Pakistan
Agric. Ecosyst. Environ. 187 10615

Anwar A A and Bhatti M T 2018 Pakistan’s Water Apportionment
Accord of 1991: 25 years and beyond J. Water Resour. Plan.
Manage. 144

Archer D 2003 Contrasting hydrological regimes in the upper
Indus Basin J. Hydrol. 274 198-210

Atta-Ur-Rahman and Khan A N 2008 Application of a checklisting
technique for the assessment of impacts of the Chashma
Right Bank Canal on land use and cropping pattern of D.I.
Khan district, Pakistan Irrig. Drain. 57 165-73

Bandaragoda D J 1998 Design and practice of water allocation
rules: lessons from warabandi in Pakistan’s Punjab Research
Report 17 p 34 (Colombo, Sri Lanka: International
Irrigation Management Institute) (available at: www.iwmi.
cgiar.org/Publications/IWMI_Research_Reports/PDF/
PUBO017/REPORT17.PDF) (Accessed August 2020)

Bastiaanssen W G M, Ahmad M D and Chemin Y 2002 Satellite
surveillance of evaporative depletion across the Indus Basin
Water Resour. Res. 38 9/1-9/9

Bastiaanssen W G M and Bos M 1999 Irrigation performance
indicators based on remotely sensed data: a review of
literature Irrig. Drain. Syst. 13 291-311

Bastiaanssen W G M, Cheema M ] M, Immerzeel W W,
Miltenburg I ] and Pelgrum H 2012 Surface energy balance
and actual evapotranspiration of the transboundary Indus
Basin estimated from satellite measurements and the
ETLook model Water Resour. Res. 48 W11512

Bastiaanssen W G M, van der Wal T and Visser T N M 1996
Diagnosis of regional evaporation by remote sensing to
support irrigation performance assessment Irrig. Drain. Syst.
10 1-23

Bhatti M T, Anwar A A and Shah M A A 2019 Revisiting telemetry
in Pakistan’s Indus basin irrigation system Water 11 2315

Bierkens M F P and Wada Y 2019 Non-renewable groundwater use
and groundwater depletion: a review Environ. Res. Lett. 14

Briscoe J and Qamar U 2005 Pakistan’s water economy: running
dry World Bank Washington DC (available at:
http://documents1.worldbank.org/curated/en/
989891468059352743/pdf/443750PUBOPKOW 1Box
0327398B01PUBLICI.pdf) (Accessed July 2020)

Burt C M, Clemmens A J, Strelkoff T S, Solomon K H,

Bliesner R D, Hardy L A, Howell T A and Eisenhauer D E
1997 Irrigation performance measures: efficiency and
uniformity J. Irrig. Drain. Eng. 123 423-42

Ceccato P, Flasse S and Gregoire ] M 2002 Designing a spectral
index to estimate vegetation water content from remote
sensing data-Part 2. Validation and applications Remote
Sens. Environ. 82 198-207

Cheema M ] M 2012 Understanding water resources conditions in
data scarce river basins using intelligent pixel information:
transboundary Indus Basin, Technische Universiteit Delft
(availabel at: http://resolver.tudelft.nl/uuid:7b569411-9934-
4b23-b631-36a58{60363f) (Accessed
July 2020)

Cheema M ] M, Ahmad M D, Khaliq T, Liakat M U, Khan M M
and Amin H 2020 Quantification of land use changes in
complex cropping of irrigated Indus Basin, Pakistan using
MODIS vegetation time series data Pak. J. Agric. Sci. 57
489-498

Cheema M J M and Bastiaanssen W G M 2012 Local calibration of
remotely sensed rainfall from the TRMM satellite for
different periods and spatial scales in the Indus Basin Int. J.
Remote Sens. 33 2603-27

Cook E R, Palmer ] G, Ahmed M, Woodhouse C A, Fenwick P,
Zafar M U, Wahab M and Khan N 2013 Five centuries of
Upper Indus River flow from tree rings J. Hydrol. 486 36575

Donohue R J, Mcvicar T R and Roderick M L 2010 Assessing the
ability of potential evaporation formulations to capture the
dynamics in evaporative demand within a changing climate
J. Hydrol. 386 186-97

J L Pefia-Arancibia and M D Ahmad

Emelyanova I V, Mcvicar T R, Van Niel T G, Li L T and
van Dijk A1] M 2012 On blending Landsat—-MODIS surface
reflectances in two landscapes with contrasting spectral,
spatial and temporal dynamics WIRADA project 3.4:
Technical report p 72 (Australia: CSIRO Water for a Healthy
Country Flagship) (available at:
https://publications.csiro.au/rpr/pub?list=SEA&pid=
csiro:EP128838) (Accessed August 2020)

FAO 2012 Irrigation in Southern and Eastern Asia in figures:
AQUASTAT Survey—2011 p 512 (Rome: Food and
Agriculture Organization of The United Nations) (available
at: www.fao.org/3/i2809¢/i2809¢.pdf) (Accessed July 2020)

FAO 2019 AQUASTAT—FAQ’s Global Information System on
Water and Agriculture Food and Agriculture Organization
of the United Nations Rome (available at: www.fao.org/
aquastat/en/data-analysis/irrig-water-use/irrig-water-
withdrawal/)

Gleeson T and Wada Y 2013 Assessing regional groundwater stress
for nations using multiple data sources with the
groundwater footprint Environ. Res. Lett. 8

Glenn E P, Nagler P L and Huete A R 2010 Vegetation index
methods for estimating evapotranspiration by remote
sensing Surv. Geophys. 31 531-55

Glenn E P, Neale C M U, Hunsaker D J and Nagler P L 2011
Vegetation index-based crop coefficients to estimate
evapotranspiration by remote sensing in agricultural and
natural ecosystems Hydrol. Process. 25 4050—62

GOP 1991 Apportionment of waters of Indus River system
between the provinces of Pakistan Government of Pakistan
(available at: http://mowr.gov.pk/wp-
content/uploads/2018/05/APPORTIONMENT-OF-THE-
WATERS-OF-THE-INDUS-RIVER-SYSTEM-1991.pdf)
(Accessed July 2020)

Gorelick N, Hancher M, Dixon M, Ilyushchenko S, Thau D and
Moore R 2017 Google Earth Engine: planetary-scale
geospatial analysis for everyone Remote Sens. Environ.

202 18-27

Guerschman J P, Van Dijk A 1] M, Mattersdorf G, Beringer J,
Hutley L B, Leuning R, Pipunic R C and Sherman B S 2009
Scaling of potential evapotranspiration with MODIS data
reproduces flux observations and catchment water balance
observations across Australia J. Hydrol. 369 107-19

Hargreaves G H 1974 Estimation of potential and crop
evapotranspiration Trans. ASAE 17 701-4

Hassan D, Burian S J, Bano R, Ahmed W, Arfan M, Rais M N,
Rafique A and Ansari K 2019 An assessment of the Pakistan
Water Apportionment Accord of 1991 Resources 8

Hintze J L and Nelson R D 1998 Violin plots: a box plot-density
trace synergism Am. Stat. 52 1814

Hirsch R M, Slack ] R and Smith R A 1982 Techniques of trend
analysis for monthly water-quality data Water Resour. Res.
18 107-21

Hobbins M, Wood A, Streubel D and Werner K 2012 What drives
the variability of evaporative demand across the
conterminous United States? J. Hydrometeorol.

13 1195-214

Huete A, Didan K, Miura T, Rodriguez E P, Gao X and
Ferreira L G 2002 Overview of the radiometric and
biophysical performance of the MODIS vegetation indices
Remote Sens. Environ. 83 195-213

Igbal N, Hossain E, Lee H and Akhter G 2017 Integrated
groundwater resource management in Indus Basin using
satellite gravimetry and physical modeling tools Environ.
Monit. Assess. 189 128

IRSA 2020 IRSA flow data from from 1976-77-2019-20
(Pakistan: Indus River System Authority)

Karimi P, Bongani B, Blatchford M and de Fraiture C 2019 Global
satellite-based ET products for the local level irrigation
management: an application of irrigation performance
assessment in the sugarbelt of Swaziland Remote
Sens. 11

Karimi P, Molden D, Bastiaanssen W and Cai X L (eds) 2012
Water Accounting to Assess Use and Productivity of Water:

10


https://doi.org/10.1016/j.agee.2013.07.003
https://doi.org/10.1016/j.agee.2013.07.003
https://doi.org/10.1061/(Asce)Wr.1943-5452.0000831
https://doi.org/10.1016/S0022-1694(02)00414-6
https://doi.org/10.1016/S0022-1694(02)00414-6
https://doi.org/10.1002/ird.349
https://doi.org/10.1002/ird.349
http://www.iwmi.cgiar.org/Publications/IWMI_Research_Reports/PDF/PUB017/REPORT17.PDF
http://www.iwmi.cgiar.org/Publications/IWMI_Research_Reports/PDF/PUB017/REPORT17.PDF
http://www.iwmi.cgiar.org/Publications/IWMI_Research_Reports/PDF/PUB017/REPORT17.PDF
https://doi.org/10.1029/2001wr000386
https://doi.org/10.1029/2001wr000386
https://doi.org/10.1023/A:1006355315251
https://doi.org/10.1023/A:1006355315251
https://doi.org/10.1029/2011wr010482
https://doi.org/10.1029/2011wr010482
https://doi.org/10.1007/BF01102762
https://doi.org/10.1007/BF01102762
https://doi.org/10.3390/w11112315
https://doi.org/10.3390/w11112315
https://doi.org/10.1088/1748-9326/ab1a5f
http://documents1.worldbank.org/curated/en/989891468059352743/pdf/443750PUB0PK0W1Box0327398B01PUBLIC1.pdf
http://documents1.worldbank.org/curated/en/989891468059352743/pdf/443750PUB0PK0W1Box0327398B01PUBLIC1.pdf
http://documents1.worldbank.org/curated/en/989891468059352743/pdf/443750PUB0PK0W1Box0327398B01PUBLIC1.pdf
https://doi.org/10.1061/(Asce)0733-9437(1997)123:6(423)
https://doi.org/10.1061/(Asce)0733-9437(1997)123:6(423)
https://doi.org/10.1016/S0034-4257(02)00036-6
https://doi.org/10.1016/S0034-4257(02)00036-6
http://resolver.tudelft.nl/uuid:7b569411-9934-4b23-b631-36a58f60363f
http://resolver.tudelft.nl/uuid:7b569411-9934-4b23-b631-36a58f60363f
https://doi.org/10.21162/PAKJAS/19.8134
https://doi.org/10.21162/PAKJAS/19.8134
https://doi.org/10.1080/01431161.2011.617397
https://doi.org/10.1080/01431161.2011.617397
https://doi.org/10.1016/j.jhydrol.2013.02.004
https://doi.org/10.1016/j.jhydrol.2013.02.004
https://doi.org/10.1016/j.jhydrol.2010.03.020
https://doi.org/10.1016/j.jhydrol.2010.03.020
https://publications.csiro.au/rpr/pub?list=SEA&pid=csiro:EP128838
https://publications.csiro.au/rpr/pub?list=SEA&pid=csiro:EP128838
http://www.fao.org/3/i2809e/i2809e.pdf
http://www.fao.org/aquastat/en/data-analysis/irrig-water-use/irrig-water-withdrawal/
http://www.fao.org/aquastat/en/data-analysis/irrig-water-use/irrig-water-withdrawal/
http://www.fao.org/aquastat/en/data-analysis/irrig-water-use/irrig-water-withdrawal/
https://doi.org/10.1088/1748-9326/8/4/044010
https://doi.org/10.1007/s10712-010-9102-2
https://doi.org/10.1007/s10712-010-9102-2
https://doi.org/10.1002/hyp.8392
https://doi.org/10.1002/hyp.8392
http://mowr.gov.pk/wp-content/uploads/2018/05/APPORTIONMENT-OF-THE-WATERS-OF-THE-INDUS-RIVER-SYSTEM-1991.pdf
http://mowr.gov.pk/wp-content/uploads/2018/05/APPORTIONMENT-OF-THE-WATERS-OF-THE-INDUS-RIVER-SYSTEM-1991.pdf
http://mowr.gov.pk/wp-content/uploads/2018/05/APPORTIONMENT-OF-THE-WATERS-OF-THE-INDUS-RIVER-SYSTEM-1991.pdf
https://doi.org/10.1016/j.rse.2017.06.031
https://doi.org/10.1016/j.rse.2017.06.031
https://doi.org/10.1016/j.jhydrol.2009.02.013
https://doi.org/10.1016/j.jhydrol.2009.02.013
https://doi.org/10.13031/2013.36941
https://doi.org/10.13031/2013.36941
https://doi.org/10.3390/resources8030120
https://doi.org/10.2307/2685478
https://doi.org/10.2307/2685478
https://doi.org/10.1029/WR018i001p00107
https://doi.org/10.1029/WR018i001p00107
https://doi.org/10.1175/Jhm-D-11-0101.1
https://doi.org/10.1175/Jhm-D-11-0101.1
https://doi.org/10.1016/S0034-4257(02)00096-2
https://doi.org/10.1016/S0034-4257(02)00096-2
https://doi.org/10.1007/s10661-017-5846-1
https://doi.org/10.1007/s10661-017-5846-1
https://doi.org/10.3390/rs11060705

10P Publishing

Environ. Res. Lett. 16 (2021) 014037

Evolution of a Concept and New Frontiers (Cheltenham:
Edward Elgar) pp 76-88

Khan H F, Yang Y CE, Ringler C, Wi S, Cheema M ] M and
Basharat M 2017 Guiding groundwater policy in the Indus
Basin of Pakistan using a physically based groundwater
model J. Water Resour. Plan. Manage. 143

Kirby ] M and Ahmad M D 2016 Time-series (1980-2012) crop
areas and production in the districts and canal commands of
Pakistan p 21 (available at: https://publications.csiro.au/
publications/#publication/Plcsiro:EP163815) (Accessed July
2020)

Kirby ] M, Ahmad M-U-D, Mainuddin M, Khaliq T and
Cheema M ] M 2017 Agricultural production, water use and
food availability in Pakistan: historical trends, and
projections to 2050 Agric. Water Manage. 179 34—46

Kustas W and Anderson M 2009 Advances in thermal infrared
remote sensing for land surface modeling Agric. For.
Meteorol. 149 2071-81

Liagat U W, Choi M and Awan U K 2015 Spatio-temporal
distribution of actual evapotranspiration in the Indus Basin
irrigation system Hydrol. Process. 29 2613-27

Moran M S 1994 Irrigation management in Arizona using
satellites and airplanes Irrig. Sci. 15 35-44

Ospina R and Marmolejo-Ramos F 2019 Performance of some
estimators of relative variability Front. Appl. Math. Stat. 5 43

Paca V H D M, Espinoza-Davalos G E, Hessels T M, Moreira D M,
Comair G F and Bastiaanssen W G M 2019 The spatial
variability of actual evapotranspiration across the Amazon
River Basin based on remote sensing products validated with
flux towers Ecol. Process. 8 6

Pefia Arancibia ] L and Ahmad M D (2020), CMRSET (CSIRO
MODIS ReScaled EvapoTranspiration) monthly actual
evapotranspiration (ETa) estimates at 500 m resolution for
the canal commands in the Indus Basin Irrigated System
(IBIS) in Pakistan from March 2000 to December 2018. v1,
CSIRO Data Collection(https://doi.org/10.25919/
18h2-vf51)

Pefia-Arancibia J L, Ahmad M D, Kirby ] M and Cheema M ] M
2020a Remotely sensed time-series (2000—2018) estimation
of evapotranspiration in the Indus Basin: implementation,
evaluation and analysis p 34 (Australia: CSIRO) (available
at: https://publications.csiro.au/publications/
#publication/Plcsiro:EP20787) (Accessed July 2020)

Pefia-Arancibia J L, Mainuddin M, Ahmad M D, Hodgson G,

Ibn Murad K F, Ticehurst C, Maniruzzaman M, Golam
Mahboob M and Kirby ] M 2020b Groundwater use and
rapid irrigation expansion in a changing climate:
hydrological drivers in one of the world’s food bowls J.
Hydrol. 581 124300

Qureshi A S, Ahmed Z and Krupnik T J 2014 Groundwater
management in Bangladesh: an analysis of problems and
opportunities (Bangladesh: CIMMYT) (available at:
https://repository.cimmyt.org/bitstream/handle/10883/
4273/56862.pdf) (Accessed July 2020)

Qureshi A S and Barrett-Lennard E G (eds) 1998 Saline Agriculture
for Irrigated Land in Pakistan: A Handbook (Canberra:
Australian Centre for International Agricultural Research)

Rodell M et al 2004 The global land data assimilation system Bull.
Am. Meteorol. Soc. 85 381-394

Sen P K 1968 Estimates of regression coefficient based on
Kendall’s Tau J. Am. Stat. Assoc. 63 1379

Shah M A A, Anwar A A, Bell A R and Ul Haq Z 2016 Equity in a
tertiary canal of the Indus Basin irrigation system (IBIS)
Agric. Water Manage. 178 201-14

J L Pefia-Arancibia and M D Ahmad

Siddiqi A, Wescoat ] L and Muhammad A 2018
Socio-hydrological assessment of water security in canal
irrigation systems: a conjoint quantitative analysis of equity
and reliability Water Secur. 4-5 4445

Simons G, Bastiaanssen W G M, Cheema M ] M, Ahmad B and
Immerzeel W W 2020 A novel method to quantify
consumed fractions and non-consumptive use of irrigation
water: application to the Indus Basin irrigation system of
Pakistan Agric. Water Manage. 236 106174

Simons G, Bastiaanssen W, Ngo L A, Hain C R, Anderson M and
Senay G 2016 Integrating global satellite-derived data
products as a pre-analysis for hydrological modelling
studies: a case study for the Red River Basin Remote Sens. 8

Stewart J P, Podger G M, Ahmad M D, Shah M A, Bodla H,
Khero Z and Rana M K 12018 Indus River System Model
(IRSM)—a planning tool to explore water management
options in Pakistan: model conceptualisation, configuration
and calibration p 155 (Australia: CSIRO) (available at:
https://publications.csiro.au/rpr/download?pid=csiro:
EP186945&dsid=DS7) (Accessed July 2020)

UN 1960 The Indus Water Treaty 1960 between the Government
of India, the Government of Pakistan and the International
Bank for Reconstruction and Development p 85 (available
at: https://treaties.un.org/doc/Publication/UNTs/
Volume%20419/volume-419-1-6032-English.pdf) (Accessed
July 2020)

Usman M, Lied] R and Awan U K 2015 Spatio-temporal
estimation of consumptive water use for assessment of
irrigation system performance and management of water
resources in irrigated Indus Basin, Pakistan J. Hydrol.
5252641

Vermote E and Wolfe R 2015 MOD09GA MODIS/Terra surface
reflectance daily L2G global 1km and 500m SIN Grid V006
[Data set] (https://doi.org/10.5067/MODIS/
MODO09GA.006)

Wada Y and Bierkens M F P 2014 Sustainability of global water
use: past reconstruction and future projections Environ. Res.
Lett. 9

Wada Y, van Beek L P H and Bierkens M F P 2012 Nonsustainable
groundwater sustaining irrigation: a global assessment
Water Resour. Res. 48 W00L06

Watto M A and Mugera A W 2016 Groundwater depletion in the
Indus Plains of Pakistan: imperatives, repercussions and
management issues Int. J. River Basin Manage. 14 447-58

Weerasinghe I, Bastiaanssen W, Mul M, Jia L and van Griensven A
2020 Can we trust remote sensing evapotranspiration
products over Africa? Hydrol. Earth Syst. Sci. 24 1565-86

Young W J, Anwar A, Bhatti T, Borgomeo E, Davies III S,
Gilmont W R G, Leb M, Lytton C, Makin L and Saeed I B
2019 Pakistan: getting more from water. Water security
diagnostic p 163 (Washington, DC: World Bank) (available
at: https://documents.worldbank.org/en/publication/
documents-reports/documentdetail/251191548275645649/
pakistan-getting-more-from-water) (Accessed October
2020)

Zhang Y Q, Kong D D, Gan R, Chiew F H S, Mcvicar T R,

Zhang Q and Yang Y T 2019 Coupled estimation of 500 m
and 8-day resolution global evapotranspiration and gross
primary production in 2002—2017 Remote Sens. Environ.
222 165-82

Zhou J, Jia L and Menenti M 2015 Reconstruction of global
MODIS NDVI time series: performance of harmonic
analysis of time series (HANTS) Remote Sens. Environ.

163 217-28

11


https://doi.org/10.1061/(Asce)Wr.1943-5452.0000733
https://publications.csiro.au/publications/#publication/PIcsiro:EP163815
https://publications.csiro.au/publications/#publication/PIcsiro:EP163815
https://doi.org/10.1016/j.agwat.2016.06.001
https://doi.org/10.1016/j.agwat.2016.06.001
https://doi.org/10.1016/j.agrformet.2009.05.016
https://doi.org/10.1016/j.agrformet.2009.05.016
https://doi.org/10.1002/hyp.10401
https://doi.org/10.1002/hyp.10401
https://doi.org/10.1007/BF00187793
https://doi.org/10.1007/BF00187793
https://doi.org/10.3389/fams.2019.00043
https://doi.org/10.3389/fams.2019.00043
https://doi.org/10.1186/s13717-019-0158-8
https://doi.org/10.1186/s13717-019-0158-8
https://doi.org/10.25919/18h2-vf51
https://doi.org/10.25919/18h2-vf51
https://publications.csiro.au/publications/#publication/PIcsiro:EP20787
https://publications.csiro.au/publications/#publication/PIcsiro:EP20787
https://doi.org/10.1016/j.jhydrol.2019.124300
https://doi.org/10.1016/j.jhydrol.2019.124300
https://repository.cimmyt.org/bitstream/handle/10883/4273/56862.pdf
https://repository.cimmyt.org/bitstream/handle/10883/4273/56862.pdf
https://doi.org/10.1175/bams-85-3-381
https://doi.org/10.1175/bams-85-3-381
https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.1016/j.agwat.2016.09.018
https://doi.org/10.1016/j.agwat.2016.09.018
https://doi.org/10.1016/j.wasec.2018.11.001
https://doi.org/10.1016/j.wasec.2018.11.001
https://doi.org/10.1016/j.agwat.2020.106174
https://doi.org/10.1016/j.agwat.2020.106174
https://doi.org/10.3390/rs8040279
https://publications.csiro.au/rpr/download?pid=csiro:EP186945&dsid=DS7
https://publications.csiro.au/rpr/download?pid=csiro:EP186945&dsid=DS7
https://treaties.un.org/doc/Publication/UNTs/Volume%20419/volume-419-I-6032-English.pdf
https://treaties.un.org/doc/Publication/UNTs/Volume%20419/volume-419-I-6032-English.pdf
https://doi.org/10.1016/j.jhydrol.2015.03.031
https://doi.org/10.1016/j.jhydrol.2015.03.031
https://doi.org/10.5067/MODIS/MOD09GA.006
https://doi.org/10.5067/MODIS/MOD09GA.006
https://doi.org/10.1088/1748-9326/9/10/104003
https://doi.org/10.1029/2011wr010562
https://doi.org/10.1029/2011wr010562
https://doi.org/10.1080/15715124.2016.1204154
https://doi.org/10.1080/15715124.2016.1204154
https://doi.org/10.5194/hess-24-1565-2020
https://doi.org/10.5194/hess-24-1565-2020
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/251191548275645649/pakistan-getting-more-from-water
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/251191548275645649/pakistan-getting-more-from-water
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/251191548275645649/pakistan-getting-more-from-water
https://doi.org/10.1016/j.rse.2018.12.031
https://doi.org/10.1016/j.rse.2018.12.031
https://doi.org/10.1016/j.rse.2015.03.018
https://doi.org/10.1016/j.rse.2015.03.018

	Early twenty-first century satellite-driven irrigation performance in the world's largest system: Pakistan's Indus Basin irrigated system
	1. Introduction
	2. Materials and methods
	3. Results
	3.1. Diagnosing seasonal variability and equity using violin-plots
	3.2. IBIS ETa spatial and temporal variability and equity

	4. Discussion
	5. Conclusion
	Acknowledgments
	References


