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Abstract. Agriculture is the largest global consumer of wa- sidering increasing meat consumption and additionally the
ter. Irrigated areas constitute 40 % of the total area used fomcreased use of biofuel and bio-based materials leads to
agricultural production (FAO, 2014a) Information on their estimations that global agricultural production will have to
spatial distribution is highly relevant for regional water man- double by 2050 (Alexandratos and Bruinsma, 2012; God-
agement and food security. Spatial information on irrigationfray et al., 2010; Tilman et al., 2011). Separated by sec-
is highly important for policy and decision makers, who are tor, agriculture is the largest consumer of water. 69 % of the
facing the transition towards more ef cient sustainable agri- global water withdrawal from rivers, lakes and groundwa-
culture. However, the mapping of irrigated areas still repre-ter (blue water) is used for agriculture, in some regions the
sents a challenge for land use classi cations, and existingshare can be over 90 % like in Southern Asia or in the Mid-
global data sets differ strongly in their results. The follow- dle East (FAO, 2014b; please note that regional designations
ing study tests an existing irrigation map based on statisare based on UN Geographical Regions in UN, 2013). The
tics and extends the irrigated area using ancillary data. Theegional limitation of fresh water availability plays a crucial
approach processes and analyzes multi-temporal normalizeale in global agricultural production, considering that 40 %
difference vegetation index (NDVI) SPOT-VGT data and of the global yields are harvested on irrigated elds (FAO,
agricultural suitability data — both at a spatial resolution of 2014a). Irrigated areas almost doubled over the last 50 years
30arcsec — incrementally in a multiple decision tree. It cov-and currently constitute 20 % of the harvested areas globally
ers the period from 1999 to 2012. The results globally show(FAO, 2016b). Future expansion of irrigated areas and a re-
a 18 % larger irrigated area than existing approaches basddted increase in water consumption is expected (Neumann
on statistical data. The largest differences compared to thet al., 2011). Due to climate change in some areas agricul-
of cial national statistics are found in Asia and particularly tural water availability is expected to decrease (Strzepek and
in China and India. The additional areas are mainly identi-Boehlert, 2010). The low irrigation ef ciency of the common
ed within already known irrigated regions where irrigation irrigation techniques such as sprinkler and ood irrigation
is more dense than previously estimated. The validation with(Evans and Sadler, 2008), the unsustainable usages of lim-
global and regional products shows the large divergence ofted sources like groundwater (Wada et al., 2014), the chang-
existing data sets with respect to size and distribution of irri-ing river regimes (D6ll and Schmied, 2012) and the changing
gated areas caused by spatial resolution, the considered tinmupply by snowmelt (Mankin et al., 2015; Prasch et al., 2013)
period and the input data and assumption made. underline the need for a transition towards more sustainable
and ef cient use of water. The UN Sustainable Development
Goals clearly re ect this need to achieve food security and
the sustainable development of land use (UN, 2016). For bet-
1 Introduction ter inventorying and investigation of global and regional wa-
ter cycles and as input for crop models, detailed global infor-
One of the major challenges of the 21st century will be feed-mation on irrigated areas at high resolution is needed.
ing the world's growing population (Foley et al., 2011). Con-
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Methods that do not rely on surveys and that are indepen- The aim of this study is to test an existing statistics-
dent of statistics have been developed to identify irrigatedbased medium-resolution irrigation map (Siebert et al., 2013)
areas (Ozdogan et al., 2010). Remote sensing can be an altewith high-resolution data from satellite observations which
native approach for mapping irrigated areas. Previous studiekave since become available. We study, through extraction
showed that remote sensing data can be used to detect irref likely irrigated areas from the high spatial resolution data,
gated areas for small- and medium-scale analyses (Abuzao what extent and where formally undetected irrigated areas
et al., 2015; Ambika et al., 2016; Jin et al., 2016; Ozdoganshow up. At rst we downscale the Siebert et al. (2005) sta-
and Gutman, 2008). Vegetation indices (Ozdogan and Gulttistically based irrigation map using high-resolution remote
man, 2008) and climate elements, such as evapotranspiraticsensing information. In the second step we derive irrigated
(Abuzar et al., 2015) derived from satellite information and land from agricultural suitability data combined with remote
combined with meteorological data, have been used to deteisensing information consisting of multi-temporal normalized
mine irrigated area. Ozdogan et al. (2010) summarized dif-difference vegetation index (NDVI) pro les at high spatial
ferent approaches for mapping irrigated areas from local taesolution. By following a decision tree we identify irrigated
global scale. areas as showing active vegetation growth in agricultural un-

There are only a few studies which identify irrigated areassuitable regions. If these irrigated areas are not reported by
globally (Salmon et al., 2015; Siebert et al., 2005; Thenkabailthe of cial statistics they are added in the new irrigation map.
et al., 2009a). Land use classi cation data sets often neglecHence, the new irrigation map is not restricted to irrigated
irrigated area. Some classify irrigated area as a separate claaseas recognized in of cial reports and allows for extending
(ESA, 2015; USGS, 2000) but do not make it a focus. these predetermined areas. Finally, we compare our results

A common approach to the speci ¢ mapping of irrigated with existing global approaches as well as with regional anal-
area, such as provided by the Global Map of Irrigation Ar- yses (USA, India, China) and investigate the differences with
eas (GMIA; Siebert et al., 2005), distributes statistical datathe of cial national and subnational statistics.
of national and subnational agricultural surveys like AQUA-

STAT (FAO, 2016a) to the agricultural and “other” land use

classi cations. However, approaches that are restricted t® Data and methods

statistics alone are hard to verify, since statistics may include

errors and multi-scale statistics hardly exist globally. For in- The basic idea of our approach is to combine different data
stance in some countries in Western Africa the informal irri- sets providing different kind of information. The applied data
gated areas in urban and peri-urban areas are twice the sizets are available at different spatial resolutions (Table 1). As
of the of cial irrigated areas for the whole country (Drechsel a rst step, the data sets are homogenized to the same spa-
etal., 2006). Irrigation may increase due to economic growthtial resolution. We decided on the high spatial resolution of
and a dietary shift from staple crops towards more vegetable80 arcsec (approx. 1 kivat the Equator), since the demand
and fruits (Molden, 2007). In fact, even 15 years ago of cial for high-resolution global data is increasing in different ap-
FAO statistics were criticized after comparing national statis-plications (Deryng et al., 2016; Jagermeyr et al., 2015; Liu
tics with remote-sensing-based data (Vérosmarty and Sahaet al., 2007; Mauser et al., 2015; Rosenzweig et al., 2014)
gian, 2000). The study of Thenkabail et al. (2009a) globally and the pixel size of approximately 1 Rris already close to
identi ed 43 % more irrigated areas than reported in of cial the size of large elds (depending on the region) or an ag-
FAO statistics. The discrepancies between those data werglomeration of smaller irrigated elds. For Africa and Asia,
explained by the politicized nature of the FAO data reportsthe eld size of 1 knf might be too large (Fritz et al., 2015),
and different de nitions of irrigated area (Vorésmarty, 2002). but usually, irrigated elds can be much bigger in size, since
The global irrigated area mapping (GIAM) undertaken by irrigation is often applied by large-scale farms. Small elds
Thenkabail et al. (2009a) is a combination of meteorologicalare agglomerated since irrigation is usually not practiced on
data, land use classi cation information (forest) and remotea single eld, due to high investment and installation costs of
sensing data from multiple satellite sensors. It is validated us#rrigation systems. The resulting data at 30 arcsec only distin-
ing ground truth data and Google Earth images. Thenkabaiuishes between irrigated and rain-fed and does not contain
et al. (2009a) showed that the global irrigated areas might bg@ercentage shares.

underestimated by the of cial statistics. Another approach The decision tree in Fig. 1 shows how the data sets are
to map global irrigated areas was developed by Salmon eanalyzed and formerly undetected irrigated areas are identi-
al. (2015). They combine statistics, climate and remote sens-ed. As we mentioned above, the basic idea is to increase
ing data. The study also shows, although small, an undereghe spatial resolution of an existing global irrigation map to
timation by the national and subnational statistics. Salmon eBO0 arcsec and to extend the data set with additional identi ed
al. (2015) showed that merging remote sensing data and arirrigated areas. The lower grey box in Fig. 1 shows the prin-
cillary data is suitable for irrigation mapping. Thenkabail et cipal of the downscaling process, where we assign the per-
al. (2009b) conclude that “both remote sensing and nationatentage values of Siebert et al. (2005) to the high-resolution
statistical approaches require further re nement”. pixels within a medium-resolution pixel showing the highest
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Figure 1. The scheme used for processing and analyzing the different spatial data and the multiple decision tree to determine irrigated area.
The grey boxes show the described Sects. 2.1, 2.2 and 2.5.

2.1 The downscaling of the statistically based input

NDVI values (see Sect. 2.1). The assigned irrigation percentspatial resolution of 10 arcsec and calculate the yearly max-
ages of the high-resolution pixels form the basis of our newimum NDVI (Fig. 2). The bimonthly maximum NDVI data
irrigation map. The upper grey box in Fig. 1 shows the pro- cover the period November 2004—-June 2006 and represent
cessing of the NDVI data, which is only done on agricultural more or less the center of the covered time period of the ap-
areas (see Sect. 2.2 and 2.3). The processed NDVI data aptied GMIA version. After upscaling the yearly maximum
compared to a global high-resolution data set of agriculturalNDVI to 30 arcsec using a majority algorithm, the GMIA
suitability (see Sect. 2.5 and the right grey box in Fig. 1). data are distributed to the areas with the highest NDVI within
The combination of the downscaling and the comparison ofa corresponding coarse pixel. To avoid distributions to dense
NDVI and agricultural suitability results in a global high- woodlands (closed tree cowerd0 %), cities and open water,
resolution irrigation map. The development of the map is de-these areas are excluded from the distribution, based on the
scribed more in detail in the following section. ESA Climate Change Initiative Land Cover (CCI-LC) data
set (ESA, 2015). Pixels with a share of irrigated area below
2.1 The downscaling of the statistically based data set 1% are not considered. The downscaled data set of Siebert
et al. (2013) shows the irrigated area at a high spatial reso-
Siebert et al. (2005) distribute statistical data to the Globallution of 30 arcsec and will in the next steps be extended by
Map of Irrigated Areas (GMIA). The data set has a reso-irrigated area, which are not part of the statistics yet. In the
lution of 5arcmin and is available in several versions — wefollowing, the downscaled data set of Siebert et al. (2013) is
applied the version 5.0 (Siebert et al., 2013). To combinereferred to as “"downscaled GMIA".
the different data sets to a nal irrigation map at a resolu-
tion of 30arcsec, the resolution of GMIA has to increase.2.2 Remote sensing data
For the downscaling process, shown in the lower grey box
in Fig. 1, we use global bimonthly (computed once every This part of the decision tree is shown in the upper left grey
2 months) maximum MERIS NDVI data (ESA, 2007) at a box in Fig. 1. For the detection of the actual active vegeta-

www.hydrol-earth-syst-sci.net/22/1119/2018/ Hydrol. Earth Syst. Sci., 22, 1119-1133, 2018
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Figure 2. Yearly maximum NDVI derived from maximum bimonthly NDVI data of the EnviSAT MERIS instrument.

Table 1. Applied global data sets.

Name Description Period Resolution  Data source
Global Map of Areas equipped for irrigation 2000-2008 5arcmin Siebert et al. (2013)
Irrigation Areas in percent of the total pixel
(GMIA) version area.
5.0
Agricultural Agricultural suitability, rain- 1981-2010 30arcsec Zabel et al. (2014)
suitability fed and irrigated for the period
1980-2010

Multiple cropping  Numbers of crop cycles, rain-
fed and irrigated

1981-2010 30arcsec Zabel et al. (2014)

Maximum NDVI ~ Maximum of global bimonthly 2004—2006 10arcsec ESA (2007)

NDVI maxima from the
ENVISAT MERIS instrument

7-day mean 7-day mean NDVI data 1999-2012 30arcsec ESA (2015)

NDVI SPOT-VGT

ESA-CCI-LC Land classi cation product 2008-2012 10arcsec ESA (2015)

(v. 1.6.1)

GlobCover Land classi cation product 2009 10 arcsec ESA (2010)
WorldClim Yearly reanalysis precipitation ~ 1961-1990 30arcsec Hijmans et al. (2005)
precipitation data

tion we used the NDVI product of ESA-CCI (ESA, 2015). rain-fed areas. The following criteria need to be ful lled and
The data provide 7-day NDVI means and covers the time peare shown in Fig. 3:

riod from 1999 to 2012. From these data, we calculated the
annual course of NDVI, averaged over the whole time period,
from which we derived the number of annual NDVI peaks.
In order to increase the precision of detecting active vegeta-
tion, each pixel is analyzed according to an NDVI threshold
approach (Ambika et al., 2016; Shahriar Pervez et al., 2014).
The chosen thresholds are a result of a comparison of differ-
ent studies (Ambika et al., 2016; Shahriar Pervez et al., 2014)
and the comparison of NDVI values of known irrigated and

Hydrol. Earth Syst. Sci., 22, 1119-1133, 2018

— The minimum NDVI has to be below 0.4, while the

maximum NDVI has to be over 0.4. Since the NDVI
product is a 7-day mean over 14 years, it is very likely

that elds lie fallow within the time period, result-

ing in lower mean values. Therefore, an NDVI of 0.4

turned out to be a suitable lower threshold. This guaran-
tees clear distinction between non-vegetated and vege-
tated pixels and eliminates evergreen vegetation, such as

www.hydrol-earth-syst-sci.net/22/1119/2018/



J. Meier et al.: A global approach to estimate irrigated areas

Max. 25 % difference

M\east 04

Mo, V2 weeks

—— WONA - altiple cropping
= WDN\ - single cropping

Figure 3. Idealized NDVI course of single and multi-cropping and

the conditions which must be ful lled.

forests and pasture. Thresholds like minimum and max-
imum NDVI used in this study have a strong effect on
the result. For a global study it is dif cult to nd univer-

1 W%

Week

1123

Table 2. User accuracy of the applied land use data sets.

ESA-CCI-LC  GlobCover

Cropland rain-fed 88% 82%
Cropland irrigated 92% 83%
Mosaic croplandé 50 % 59 % 97 %

Table 3. List of all considered crops.

Crop name

Barley Hordeum vulgarg
CassavaNlanihot esculentp
Peanut Arachis hypogaea

Maize (Zea may}p

Millet (Pennisetum americanym
Oil palm (Elaeis guineens)s
Potato Golanum tuberosum
RapeseedBrassica napus

Paddy rice Qryza sativa

Rye (Secale cerea)e

Sorghum Sorghum bicolor

Soy Glycine max
SugarcaneJaccharum of cinarum
Sun ower (Helianthus annuus
Summer wheatTriticum aestivurh
Winter wheat Triticum aestivu

sal, transferable thresholds that can be applied globally.

— Minimum and maximum NDVI must at least differ

CCI-LC product (cropland rain-fed, cropland irrigated, mo-

by 0.2 to identify only pixels with a dynamic annual saic croplang 50 %; ESA, 2015) and from the predecessor

course that is assumed for agricultural areas.

GlobCover (ESA, 2010; post- ooding or irrigated croplands,
rain-fed croplands, mosaic cropland; 50-70 %). According

— NDVI peaks must be at least 12 weeks apart t0 assighg the authors, the “accuracy associated with the cropland
a peak to a speci ¢ growing period, assuming that the g forest classes” is high “and therefore a quite good re-
growing period length is at least 12 weeks (Sys et al.,g " (ESA, 2015). The user's accuracies of both data sets are
1993). Additionally, this allows for separating multiple - shown in Table 2. The classi cation of cropland depends on
growing periods within a year. Often, a slight greening the de nition of cropland. In both data sets pasture is neither
right after harvest was observed. This can be explained, separate class nor part of the class “grassland” or “crop-
by the seeding of legumes for soil treatment, or the de-jang”, False classi cation of cropland can therefore lead to

velopment of natural vegetation after harvest, which re-f5se classi cation of irrigated areas. The combination of

sults in an increase in NDVI.

— In order to avoid classifying multiple peaks as a regular
harvest, it turned out that two sequenced peaks must not

differ by more than 25 %.

both data sets increases the chance of classifying irrigated
areas only on cropland. Pixels that are classi ed as mosaic
ropland in the underlying land use data sets are weighted by
e averaged amount of cropland fraction for the correspond-
ing class. All other cropland pixels are assumed to be 100 %

The described criteria of minimum, maximum and yearly cropland.

course of NDVI and the length of growing period turned out

to be robust for determining the number of crop cycles glob-2-4  Agricultural suitability data
ally. The chosen criteria are suitable regarding the fact that

we used 7-day NDVI means averaged over 14 years.

2.3 Land use classi cation products

Agricultural suitability data are taken from Zabel et

al. (2014). The data describe the suitability for 16 staple, en-
ergy and forage crops (Table 3) according to climate, soil and
topography conditions at a spatial resolution of 30 arcsec. It

The extension of irrigation is restricted to agricultural ar- determines suitability for crop cultivation and the potential
eas. The information on cropland is taken from the ESA-number of crop cycles per year, under the climate for 1981—
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Figure 4. Irrigated areas identi ed by different approaches.

2010 (Zabel et al., 2014). Soil properties are not consid-
ered in this approach, because human activities may alter soi
properties, for example through fertilizer and manure appli-
cation or soil tillage. The data are available for past and fu-
ture climate periods as well as for rain-fed and irrigated con-
ditions separately. The data set used in this study represent|
for each pixel the highest suitability value over all selected
crops as well as the annual course of the growing period an
the potential number of crop cycles per year.

2.5 High-resolution mapping of irrigated areas

The downscaled GMIA data serve as a basis, providing a
proven global distribution of irrigated areas. The irrigated ar- S
eas which are already part of the statistics are extended witfi'9ure 5. Results of the new irrigation map compared the down-
additional, previously undetected irrigated areas. The idenScaled GMIA.
ti cation of the additional irrigated areas in the new irriga-
tion map is accomplished using the criteria described above c
and relationships of the annual temporal NDVI pro les to '
the agricultural suitability. The general criterion for the iden-

ti cation of unknown irrigated areas is that the land use is
already cropland according to ESA-CCI-LC and GlobCover. |f one of the criteria is true, we assume the full area of the
The restriction to cropland avoids the classi cation of irri- 30 arcsec pixel as being irrigated. As a result, the combina-
gated areas in other land use or cover types in dry areas Witfion of A, B and C identify the irrigated pixels that were not

high NDVI values due to lichen or weeds, since a low agri- assigned to irrigation areas in the downscaled GMIA irriga-
cultural suitability does not exclude plant growth at all. The tion map.

upper right grey box in Fig. 1 shows the assumption for irri-
gated areas using the NDVI and agricultural suitability data:
3 Results
A. the annual NDVI course clearly suggests dynamic veg-
etation growth while the agricultural suitability shows a 3-1 Global analysis
low value;

land is not suitable but classi ed as cropland, while at
the same time NDVI values and yearly courses indicate
vegetation.

The new global irrigation map shows 18% more irri-

gated areas than the downscaled GMIA (Fig. 4). Overall,
B. the number of NDVI peaks is higher than the potential 3674 478 krd of irrigated areas have been identi ed, which
number of crop cycles per year under rain-fed condi-is an increase of 659 605 Kntompared to the downscaled
tions; GMIA (Fig. 5). The global result con rms the underestima-
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Figure 7. The Indian subcontinent and its identi ed irrigated areas.
Figure 6. Yearly precipitation within the irrigated areas. Criteria A 1€ blue areas are the information of the downscaled GMIA. lrri-
and C are suitable in dry regions, while criterion B identi es in hu- 9ation is more dense than expected in already irrigated regions and
mid regions as well. Further, irrigation decreases with increasing"€W areas appear in the state Madhya Pradesh.

precipitation, but is also used in regions with high yearly precipita-

tion.
irrigated areas in regions with low as well as high annual

precipitation (Fig. 6), where irrigation is often used to allow

tion of irrigated areas of Thenkabail et al. (2009a), who glob-'cor a second harve;t. I_n total,_ Fig. 6 qe_mo.”s”ates, that Irri-

ally identi ed 3985 270 ki of irrigated area using a remote- 92tion decreases with increasing precipitation, but irrigation

sensing-based approach, which is signi cantly higher thando€s not only take place in dry regions. The largest amounts

the results of Salmon et al. (2015) with 314100Gkand  ©f NEW areas are in countries where irrigation plays an im-

the global estimates of the FAO or of Siebert et al. (2005). portant rolg in agrlcultgre. Irrigated areas seem to be denser
Figure 5 shows the global irrigated area additionally allo- " @lréady irrigated regions.

cated through each of the criteria A, B and C of Sect. 2.5. The3 21 Asia

largest amount of additional irrigated area is identied by ~°

considering multiple cropping (B). In this case, 493 12§km The newly identi ed irrigated areas are mainly found in Asia,

is not part of the downscaled GMIA. These areas are mainlyyarticularly in Central and Southeastern Asia. The coun-

found in Asia (Fig. 4), where according to our results, ir- yries with the largest amounts of additional area are India

rigation is often relq.uired fqr mqltiple croppin_g..An area of (C267 283 k) and China C149871km). In these coun-
100069 knt is additionally identi ed because it is not suit- yjes, jrrigation plays a dominant role in agriculture, where

able for crop cultivation but is classi ed as cropland (crite- 40 o4 (India) and 57 % (China) of the total cropland is ir-
rion C). By the use of criterion A, 76 054 khis additionally  igated according to statistics (FAO, 2016b). Nevertheless,

allocated. statistics seem to largely underestimate irrigated areas, par-
. . ticularly in India. Here, we found on the one hand consider-
3.2 Regional analysis able additional irrigated areas compared to GMIA within re-

gions that are sparsely irrigated, such as the state of Madhya
The criteria A B and C show different amounts of additional Pradesh (F|g 7) On the other hand, irrigated areas are ad-
irrigated area for different regions. Criteria A and C identi- ditionally identi ed within regions that already show a high
ed irrigated areas mostly in arid and semi-arid regions, by jrrigation density, such as Uttar Pradesh along the foothills
comparing low or no suitability versus high NDVI. Figure 6 of the Himalaya, where even the density of irrigated areas in-
shows that additional irrigated areas by using A and C arecreases in our results (Fig. 7). In these regions in particular,
mainly found in regions with annual precipitatisrb00 mm,  the irrigated areas were detected by comparing the potential
according to the WorldClim data set for 1961-1990 (Hijmansyegetation cycles to the actual yearly NDVI course. Due to its
etal., 2005). seasonality, precipitation only allows for one harvest — a sec-

In humid regions, criteria A and C are not sensitive, be-ond harvest requires irrigation. Even legumes, which serve
cause agricultural suitability values in humid regions are highas nitrogen fertilizers, have to be irrigated.

since precipitation is not limiting. We found that B extends
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Within Asia, the developed method unveils large previ- Table 4. The results of the new irrigation map compared to the
ously unknown irrigated areas in Kazakhst@80 661 kn?), downscaled GMIA and FAOSTAT (FAO, 2016b). The countries are
Pakistan €26 667 knf), Myanmar C25212kn%), Uzbek-  grouped according to UN Geographical Regions (UN, 2013).
istan (C17 454 kn?) and Turkmenistan@13483). In Cen-

tral Asia the irrigated areas along the rivers are particularly Region » ’t\,‘e"" § GMI'A y ';SSQS-Z_(\)TH
. . . . Irrigation ownscale —
larger than previously reported. The Asian countries with map (kn?) km?)

the largest percentage difference compared to FAOSTAT

- (km?)
(FAO, 2016b) statistical data (averaged from 1999 to 2012) -
are Mongolia €815 %), Kazakhstanq183 %), Myanmar é‘;'s‘iim Africa 1633873332 1326581254 13274851879
(C119%) and YemenG103 %). Middle Africa 3820 1685 1692
) Northern Africa 89870 82853 83969
3.2.2 Africa Southern Africa 15844 15828 15956
Western Africa 16018 11267 11611
Irrigation plays a minor role in the tropical regions of Africa, =~ Americas 520446 500106 494988
while there are contiguous irrigated regions along the Nile Caribbean 13267 13248 13346
in Egypt and Sudan, some smaller irrigated areas within <o el America 76072 73226 70638
gypt » SOT 19 NN~ South America 133743 122695 135183
the Medlterra_nean countries _and some irrigated areas within north America 297 365 290938 275822
Southern Africa. The countries with the largest amount of Asia 2675125 2094375 2147293
additional irrigated areas are found in Soma@i®427 knf), Central Asia 165668 102861 99412
E 7 krﬁ nd Ethiopi krn’?_’ _The irri Eastern Asia 799187 642388 664 684
g)./pt (38|6 I’? aqu E) (ijaCSC?SG ) d € Ig.ated . Southern Asia 1284744 976 866 1018484
regions along the Nile Delta are denser an resu.t inan in- g iheastern Asia 252997 216 052 513601
crease in irrigated area of 12 % in Egypt. The African con- western Asia 172528 156209 151112
tinent shows the highest percentage discrepancy when com-Europe 269190 238939 262372
pared to FAOSTAT (averaged from 1999 to 2012; Table 4). Easfm Europe 83967 81799 109648
Countries with the highest percentage differences compared No'thern Europe 10227 10227 10015
. o lia (315 %) K Southern Europe 130460 106134 104132
to the statistics are Cha@€ 00 %), Somalia ( 0), Kenya  \vestern Europe 44536 40780 38578
(311 %) and CameroorC243 %). Oceania 41844 41266 30673
Australia and New Zealand 41821 41242 30525
3.2.3 Europe Melanesia 24 24 134
Micronesia 0 0 3
The discrepancy between the downscaled GMIA and the Polynesia 0 0 10
new irrigation map in Europe is smaller than in the world 3670390 3011512 3073142

regions mentioned above. The largest differences exist
in ltaly (C11059knf), Spain C5270knt) and Greece

(C3922kn?). While the Po Valley, the largest contiguous  statistics of the downscaled GMIA. Only in the northwest-
irrigated region within Europe, does not show signi cant ern USA do our results show signi cantly more irrigated ar-
differences between the downscaled GMIA and our high-eas than GMIA. It is notable that additional identi ed irri-
resolution irrigation map, many additional areas on Sardiniagated areas are found next to already detected irrigated ar-
and Sicily are detected. In Spain, the known irrigated areasas in California, northwest and midwest of the USA. Thus,
near the Pyrenees are well captured by GMIA, but the in-density increases within irrigated agglomeration regions. The
tensely used agricultural area around Valladolid in the north-percentage differences compared to FAOSTAT are relatively
west of Spain in particular shows additional irrigated areasjow compared to the other continents (Table 4). The high-
according to our results. The highest percentage differencest percentage difference is found in Chi7(l %), Canada
compared to FAOSTAT is found for Bosnia and Herzegov- (C41 %), Mexico €12 %) and Brazil C8 %).

ina (C500 %), Croatia220 %), MontenegroG207 %) and To demonstrate the effect of the high spatial resolution of
some other countries in Eastern Europe. The comparison ahe results, Fig. 8 shows the results for a particular area in the
FAOSTAT to GMIA in these regions results in similar high northwest USA (Oregon). The comparison of the new irriga-
differences, since the FAOSTAT data were obviously nottion map at 30 arcsec resolution with the GMIA at 5 arcmin
used in the GMIA data. The highest percentage differences ifesolution demonstrates the improvement of the data (Fig. 8).
Western Europe to FAOSTAT are found in Portuga#l %),  The higher resolution allows for more precise identi cation
Great Britain C28 %), France©27 %) and Italy C26 %). of irrigated elds. Further, the additionally recognized irri-
gated areas that are not included in the GMIA data set match
well with the underlying true-color satellite image. In this
case it also shows that the resolution of 30 arcsec degree is
suitable for eld-scale irrigation mapping in this region.

3.2.4 America

The position and extent of the large irrigated areas in North
America in Fig. 4 are very consistent with the distributed

Hydrol. Earth Syst. Sci., 22, 1119-1133, 2018 www.hydrol-earth-syst-sci.net/22/1119/2018/



J. Meier et al.: A global approach to estimate irrigated areas 1127

Figure 8. Small-scale analysis of the new irrigation m@pand GMIA (b) in the USA compared to the raw satellite imagég

3.3 Differences between the downscaled GMIA and the truth data with the new irrigation map can also be a way
original GMIA to outline the differences between the new map and ground
truth data. There are ground truth data available (European
The downscaling process leads to differences between thEnvironment Agency, 2014), providing point-speci ¢ land
downscaled and the original GMIA data. Since fractions of use information for speci ¢ regions, but they are rare and
irrigated areas 1% are not allocated to the ner resolution, not always tagged with needed land use information like ir-
they are neglected within the downscaling process. This leadggation. Further, there are always scaling issues, concerning
to a global loss of irrigated area of 46 329%nif there are  the spatial resolution, in comparing point information with
no pixels available for distribution, e.g., due to excluded landspatial information. For the validation we decided to com-
such as forests, water bodies or urban areas, the irrigated arg@re our map with the existing global data set IWMI-GIAM
may not be allocated, which results in a global reduction(Thenkabail et al., 2009a) and GRIPC (Salmon et al., 2015).
of 19780knt. Since we can only distribute integer values Additionally we compare our results with regional studies in
we additionally lose 2442 kfthrough rounding the oating  the USA (Ozdogan et al., 2010), China (Zhu et al., 2014) and
point numbers of the percentage share of the irrigated areasadia (Ambika et al., 2016), where we map the highest ab-
Overall, we do not distribute 68551 knof irrigated areas,  solute differences compared to the statistical data and where
which is 2.28 % of the GMIA data set at its original resolu- irrigation is an important agricultural practice. Regional stud-
tion. This small difference in percentages allows us to spaies are able to develop approaches which consider local char-
tially compare the new irrigation map with the downscaled acteristics, while global studies have to transfer their methods
GMIA at the same spatial resolution, which is a result of the to regions with completely different conditions. The global
procedure described above. comparison is done on country level and the regional com-
parison on the level of states or provinces. For each coun-

try/state the irrigated area is calculated and compared to other
4 Validation studies.

The new irrigation map partially shows signi cant differ- 4.1  Global validation

ences compared to the statistics and the resulting GIAM data

set. No nal truth exists on the amount and location of global The resulting global irrigated area of 3.67 million kriies
irrigated area. Nevertheless, in order to validate the new highbetween the GRIPC results of 3.14 millionkniSalmon
resolution irrigation map we compare our results to existinget al., 2015) and IWMI-GIAM results of 3.98 million kf
global and also regional studies. The comparison of groundThenkabail et al., 2009a). All three data sets show a larger
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Figure 9. Regression plots of the two compared global data sets. The blue line is the linear t and the dotted black line the linear equation.

irrigated area than reported by the statistics. Despite the ab- The difference between our results and the irrigated area in
solute difference our new high-resolution map shows stronghe USA given by Ozdogan et al. (2010) can be explained by
correlation with both data sets (IWMI-GIAM D 0.97;  the statistical areas used to derive our irrigation map. They
GRIPCr D 0.99; Fig. 9) when correlating country values. are 25% larger than the corresponding areas of Ozdogan et
The irrigated area is weighted by the size of the country.al. (2010). Our map extends this area and results in 28.7 %
Thus, the deviations of the countries are comparable withmore irrigated area than given by Ozdogan et al. (2010). The
each other. The slope shows a small overestimation of ouregions where our analysis shows more irrigated areas are
results compared to GRIPC (1.04) and a larger underestiman the dry regions in the western USA and in the south (Ta-
tion of IWMI-GIAM (0.76). The regression plots also show ble S1 in the Supplement). The largest irrigated areas in the
the range of deviation (Fig. 9). The linear t is strongly in- USA are found in California, where we estimate 41 816km
uenced by the high values and shows the underestimatiorof irrigated areas. Ozdogan et al. (2010) calculate 26 838 km
of our results compared to IWMI-GIAM and overestima- of irrigated areas, while the United States Geological Sur-
tion compared to GRIPC (Fig. 9). The average difference pevey (USGS) reports 42 087 Knof irrigated areas for the
country is expressed in RMSE. The RMSEs of IWMI-GIAM year 2010 (USGS, 2014). California is a good example of
(3.48 %) and GRIPC (3.24 %) are quite similar. The resultsthe different information about irrigated areas and the prob-
of GRIPC (3.14 millionkm) are very close to the of cial lems of validating irrigation maps. Even the of cial statis-
statistics (3.07 million krf). GRIPC uses a regionally based tics for the year 2010 show two different values: the USGS
eld size factor which weights the size of the pixels. Without states an irrigated area in California of 42 087kmwhile

the eld size factor the results show remarkably more irri- the California Department of Water Resources (2010) reports
gation (3.76 million knd instead of 3.14 million krfy). If we 38033 knt. The example of California shows that the avail-
apply the GRIPC eld size factor to our results, it changes able statistics differ remarkably, which leads to strong im-
the amount of irrigated area to 3.05 million knThe use of  pacts on the validation results. The water rights complaints
eld size factors can be a way to adjust regions characterizedn California regarding “Unauthorized Diversion” prove the
by small holder farms and heterogeneous landscapes. On thexistence of illegal irrigation activities (California Environ-
other hand it needs to be appropriately determined and valimental Protection Agency, 2017), which are not part of the

dated, and it may create other sources of uncertainty. of cial statistics and are not only an issue of smallholder
. o farmers or of watering lawns (Bauer et al., 2015). The com-
4.2 Regional validation parison of our irrigation map with a study of irrigated areas

) ) ) in India shows a smaller relative error compared to the irri-
The regional data suggest a strong linear correlation begation map of the USA. Overall the results are 138 172 km
tween our results and the regional studies described by thigher than the results for India of Ambika et al. (2016). The
correlation coef cient:r D 0.94 (USA), 0.84 (China) and itferences could be caused by the different spatial resolu-
r D 0.92 (India; Fig. 10). The slope shows overestimation of 5, The data of Ambika et al. (2016) are applied at a spatial
our results compared to all other data sets. The RMSE wagegq|ytion of 250 m, which ts better to the small elds and

weighted by the size of the compared state and shows a smale heterogeneous landscape of smallholder farms as they oc-
overestimation of our data set compared to the regional studz,r in India.

1es.
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Figure 10. Regression plots of the compared our irrigation map compared to regional data sets of the USA (Ozdogan et al., 2010), India
(Ambika et al., 2016) and China (Zhu et al., 2014). The blue line is the linear t and the dotted black line the linear equation.

Zhu et al. (2014) developed an irrigation map of Chinathat5 Discussion and conclusion
shows of cial statistics downscaled by using NDVI data. The
differences compared to the new irrigation map are high and_, . i
expectable, due to the restriction to the statistics. The highes his study focuses on the development of a new global irri-

differences are found in the province of Xinjiang (percentageggz%]angs?ﬁétslgggg?‘résr%n gﬁgltzsaﬁoﬁhcggsmuﬁg ';T]%%'le
and absolute) in the northwestern part of China. Xinjiang is P 9 9 '

characterized by a very dry continental climate. Nearly 90 %2 high spatial resolution gl_opal \_/iew on the distri_bution of ir.-
of the area has less than 200 mm of precipitation per year (Hi_rlgated areas. The analysis indicates that the high-resolution
jmans et al., 2005). Therefore, agriculture is almost impOSSi_view allows for the detection of additional irrigated areas,

. T L . which were not covered by the existing data sets. This also
ble without irrigation. Similar to the examples in the USA increases the alobal estimate of irriaated land by 18 % com-
and in India, the distribution and the patterns of the irrigatedI g ! Mg y 0

areas t the data of Zhu et al. (2014) but are denser. Irri- pared to the reported statistics.

gated areas seem to exceed the of cial numbers and con rmI " Z:grﬁllczs;{ie;}'vriesgl'tzzgitgnt& ai?ns L?Zu;;;ri?etgisquurﬁl'_
the results of previous studies on water allocation and Wate{.y P . P ' o b
ions made and from the different terms and de nitions of

consumption in the Tarim Basin, where the water consump-_. .
P P rrigated areas. The large differences between our results and

tion exceeds the relevant water quotas (Thevs et al., 2015 o . :
The denser distribution of irrigated areas in the Tarim Basinjthe statistics in Central Asia (Mongolia, Kazakhstan) may

shows the overuse of water despite the water quotas of th%)e SUIt. frorr’? Cr'f.‘sﬁ' cation erro;sr;n the llj'ncciielrlylgg mpgt data.
Chinese government and shows an underestimation of irri- espite the high accuracy of the applied lan use f"‘ta §ets,
gated areas in the of cial reports. the ESA-CCI-_LC_Z and (_BlobCover land use class_l ca_tlo_n in-
clude uncertainties which lead to errors in mapping irrigated
areas. For example grassland, pastures or meadows are some-

times classi ed as cropland. Especially in dry regions, such
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as in Central Asia, this misinterpretation of cropland leads tople of information on irrigated areas in the USA illustrates
a false classi cation of irrigated area. Further, since the col-that the large discrepancies between the studies can be ex-
lapse of the Soviet Union the cropping patterns of the inde-plained by the input data and the references.
pendent countries of Central Asia has changed tremendously The highest discrepancies to the statistics are generally
and fallow elds may in uence the land use classi cation found in developing countries. Possible reasons are inad-
products through the present day. equate statistics that may often also be a result of politi-
The cropland area in the underlying land use data is notal interests (Thenkabail et al., 2009b). General uncertain-
given as a proportional area of cropland within a pixel, which ties or inadequacies of agricultural statistics are well known
may also lead to an overestimation of cropland and thus alsin many developing countries and discussed in, for exam-
of irrigation. ple, Young (1999) and Thenkabail et al. (2009b). The re-
The use of the agricultural suitability may lead to er- sults suggest that not all irrigated areas are correctly reported
rors because it consists of 16 crops and may neglect, e.gin the of cial statistics. This indicates the existence of ille-
drought-resistant varieties or other species that are adapted tfal or unregistered irrigation activities. The results also go
regional climatic conditions. Some typically irrigated crops along with previous analyses that showed large underestima-
are not considered in the crop suitability data, such as extion of irrigated areas in statistical data, especially for India
pensive (and therefore most likely irrigated) vegetables, olive(Thenkabalil et al., 2009b) and Western Africa (Drechsel et
trees, almond trees and irrigated pastures, which potentiallyal., 2006). Even the FAO recommends a careful handling of
leads to an underestimation of irrigated area. On a globatheir of cial reports for countries in Central, Southern and
scale, these areas are nevertheless assumed to be relativ@élgistern Asia since many countries make no distinctions be-
small. tween rain-fed and irrigated cropland (Frenken, 2012, 2013).
Errors in classifying irrigated areas could occur through Independent survey techniques are strongly needed to verify
high groundwater levels or the proximity to open water; the of cial statistics and reports.
plants could reach water sources through capillary rise or di- The huge differences between estimated and reported ir-
rectly tap into the groundwater. This creates alternate waterigated areas demonstrate the need for further research in
availability for the plants and can mimic irrigation in other- the eld of irrigation mapping to get a more realistic picture
wise unsuitable locations. of water withdrawal. The recent progress in the availability
A major reason for the differences between the irrigationof remote sensing instruments through the Copernicus sys-
maps lies in the different de nitions of irrigated areas. While tem of the EU (European Commission, 2017), which delivers
the FAO de nes an irrigated area as an “area equipped foweekly global high-resolution (10—-20 m) coverage, improves
irrigation” (FAO, 2016b), the new irrigation map presented the data availability for land use classi cations and crop sta-
here classi es areas as irrigated if additional water (besidegus analysis and is very promising for irrigation mapping.
precipitation) is applied on a eld. In some regions this may Irrigation is important for increasing agricultural produc-
in uence the result. For example in Bangladesh paddy eldstion (Smith, 2012): it reduces vulnerability of crop failures
are not considered as irrigated land as they cultivate mainlyand increases food security and income (Bhattarai et al.,
during the wet season and have no permanent irrigation in2002; Mengistie and Kidane, 2016). At the same time, more
frastructure. The high differences in India may also resultirrigated areas require more water, which is mainly taken
from the different de nition, where 1999 only 47 % of the from surface runoff and groundwater storage. This may in-
total harvested area for paddy rice utilized permanent irriga-crease the pressure in existing water resources and lead to an
tion infrastructure (Frenken, 2012). The precipitation is har-overuse of regionally available water resources which may
vested and concentrated on the paddy elds and used for ric¢hreaten future agricultural activities (Du et al., 2014). There-
cultivation by ood water recession (Frenken, 2012). Non- fore, an accurate and more detailed inventory of irrigated ar-
equipped cultivated wetlands, an upgrade of rain-fed crop-eas is required to better estimate and manage available water
land using soil moisture conservation, supplemental irriga-resources to avoid overuse of water.
tion through water harvesting, non-permanent dug wells or
water concentration may also result in irrigated area in the
presented irrigation map (Molden, 2007). Due to the de - Data availability. Data are available at https://doi.pangaea.de/10.
nition of “area equipped for irrigation” these areas are not1594/PANGAEA.884744.
part of the FAOQ irrigation class and accordingly not part of
FAO related irrigation maps. This may in uence the results
particular in semi-arid and arid regions and in regions with Supplement.The supplement related to this article is available
small-scale and non-permanent irrigation systems (FrenkerP,n"ne at: https://doi.org/10.5194/hess-22-1119-2018-supplement.
2012).
Compared with statistics and existing studies, our results o _
show differences in both directions: underestimation andCompetlng interestsThe authors declare that they have no con ict

overestimation — depending on the reference data. The exant, nterest
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Abstract: The monitoring of irrigated areas still represents a complex and laborious challenge in land
use classi cation. The extent and location of irrigated areas vary in both methodology and scale. One
major reason for discrepancies is the choice of spatial resolution. This study evaluates the in uence
of spatial resolution on the mapped extent and spatial patterns of irrigation using an NDVI threshold
approach with Sentinel-2 and operational PROBA-V data. The in uence of resolution on irrigation
mapping was analyzed in the USA, China and Sudan to cover a broad range of agricultural systems
by comparing results from original 10 m Sentinel-2 data with mapped coarser results at 20 m, 40 m,
60 m, 100 m, 300 m, 600 m and 1000 m and with results from PROBA-V. While the mapped irrigated
area in China is constant independent of resolution, it decreases in Sudan ( 29%) and the USA
( 48%). The differences in the mapping result can largely be explained by the spatial arrangement
of the irrigated pixels at a ne resolution. The calculation of landscape metrics in the three regions
shows that the Landscape Shape Index (LSI) can explain the loss of irrigated area from 10 m to
300 m (r >0.9).

Keywords: irrigation mapping; land use classi cation; Sentinel-2; NDVI; rescaling technique; spatial
resolution; scaling relation; land monitoring; sensor resolution; landscape metrics

1. Introduction

Remote sensing has proven to be a suitable instrument for land use classi cation and
land surface monitoring. The time series of remote sensing data allow for detecting land
use change and changes in agricultural patterns and management practices. Agriculture
uses vast amounts of natural resources such as fresh water for irrigation in an often-non-
sustainable way [1]. To secure current and future global food supplies in a sustainable
way, agriculture has to increase the ef ciency of the water it uses, which is expressed in the
principle of “more crop per drop” [ 2]. Developing and nally establishing monitoring capa-
bilities for agricultural irrigation and its ef ciency therefore constitutes a major prerequisite
towards improving the ef ciency, effectiveness and sustainability of agricultural water use.

Remote sensing is the central data source for a quantitative global, regional and
local monitoring of areal extent, timing and technique of irrigation. The Copernicus
Sentinel missions provide, on an operational basis, high spatial and temporal resolution
data. Together with increasing computing capacities, they extend our Earth observation
capacities to develop and deploy the monitoring systems necessary to achieve the necessary
ef ciency gains in irrigation.

Since approx. 20% of the total cropland is irrigated and approx. 40% of the world food
is produced on this cropland, irrigation plays a crucial role in global food production|[  3].
Irrigated cropland consumes 69% of the global water withdrawal from surface and ground-
water [4]. Global irrigated area doubled in the last 50 years [ 3] and future expansion is
expected [5,6]. Over 50% of the irrigated areas are located in regions characterized by an-
nual precipitation smaller than 750 mm, which is considered the limit below which diverse
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demands for water may lead to allocation conicts [ 7,8]. Additionally, the impact of climate
change may regionally in uence precipitation and snowmelt patterns and, consequently,
river ows and groundwater recharge, and may thus reduce the availability of fresh water,
aggravate water scarcity and amplify water-related con icts [8].

The high demand for irrigation water strains the regional hydrological cycle mainly
through withdrawal from local and regional rivers and aquifers. Irrigation water is diverted
into the atmosphere and, as a result, lost for further downstream uses. Dramatic reductions
in run-off and aquifer levels caused by irrigation with adverse effects for the regional
environment and for the downstream population are documented worldwide [  9-17]. Itis,
therefore, crucial to monitor, with high accuracy, the location and extent of irrigated area.

Mapping of irrigated areas still represents a challenge for remote sensing. Several stud-
ies have shown the feasibility of mapping irrigated areas using remote sensing data from
the local to global scale [13-18]. Existing irrigation mapping methods combine different
data to exclude rain-fed and irrigated land by strong indicators such as evapotranspira-
tion [19], climatic conditions [ 17], thermal variations over an irrigated eld [ 20] or soil
moisture [ 21]. The few existing global studies about irrigated areas show large differences
in its extent and spatial pattern and are subject to controversial discussions in the scienti ¢
community [ 22,23]. The differences are caused by different assumptions and de nitions,
different time periods and data from different satellite missions with different spatial res-
olution and spectral coverage. This study focusses on the in uence of spatial resolution
of remote sensing data on the resulting location and extent of derived irrigated areas.
Velpuri et al. [ 24] already showed, in a case study, that ner spatial resolution can result in
an increase in classi ed irrigated area. They conclude that current operational irrigation
monitoring systems, which are based on coarser resolution imagery from, e.g., AVHRR,
MODIS or PROBA-V, neglect relevant parts of the global irrigated area [ 24]. Nevertheless,
they do not address the transferability of their ndings to other regions. On the other hand,
coarser resolution has convincing advantages for global monitoring systems of the temporal
development of global irrigation, such as daily global coverage and low data rates.

The existing long time series of medium-resolution LANDSAT data and the new
medium spatial and high-temporal-resolution Sentinel-2 data have successfully been used
in regional and local studies to determine the extent of irrigated areas with high preci-
sion [25-27]. In principle, they would be the data source of choice for a more complete,
global, operational irrigation mapping. Sentinel-2 now allows, in principle, to precisely
and operationally resolve, with high spatial resolution, the temporal NDVI-developments
on which current approaches to distinguish irrigated areas from non-irrigated areas rely.
Improved global irrigation monitoring therefore seems possible but not feasible considering
the massive computational resources necessary to analyze frequent time series of large
areas with high spatial resolution. This may be one reason why, despite the anticipated
added precision, to our knowledge, operational irrigation monitoring on a global scale
using Sentinel-2-time series is not available yet.

On the other hand, Sentinel-2 time series could potentially be used to augment existing
global low-resolution approaches to map irrigated areas, given that the local scaling laws,
which govern the change in detected irrigated areas with decreased spatial resolution, are
well understood. The hypothesis of our paper, therefore, is that the change in detected
irrigated areas with decreasing spatial resolution inherent in the current approaches fol-
lows a regional independent scaling relation. We consider the resulting scaling relations
as a property of the plot size, the spatial arrangement and the complexity of the shape of
the irrigated elds. The complexity of the spatial structure of the irrigated areas can be
described by landscape metrics, well known from biodiversity and habitat analysis [28,29]
The Landscape Shape Index (LSI) was identi ed to be suitable for explaining the negative
changes in the mapping results [30-32]. A proven correlating functional relation between
the differences in the mapping results caused by resolution and the LSI can be used for
estimating the accuracy of global low-resolution irrigation monitoring. In order to investi-
gate the scaling properties, we use a proven approach to globally monitor irrigated areas



Remote Sen2023 15, 315

30fl4

using NDVI time series, which have been widely used with wide-swath low-resolution
sensors such as MERIS and PROBA-V T]. For the rst time, we systematically analyze
the impact of spatial resolution from 10 m to 1 km on the pattern and extent of irrigated
areas in three selected global regions. We consider different geographical conditions with
respect to climate and farming systems by selecting as case studies regions in Sudan, China
and the USA.

2. Materials and Methods
2.1. Multi-Resolution Analysis

We applied the method described in Meier, Zabel and Mauser [ 7] to determine irrigated
area. It does not explicitly use spatial resolution as a parameter. The basis of the mapping
method is annual NDVI time series. They are used together with parameters such as land
suitability for agriculture, a land use classi cation, NDVI data and of cial national statistics
to determine global irrigated area. The annual course of NDVI is analyzed, interpreted
and compared with agricultural suitability evaluations [ 7,33]. The method analyzes the
NDVI time series using parameters such as amplitude of the NDVI, position of NDVI
peaks and shape of the NDVI annual temporal course. If the course of NDVI suggests
active vegetation growth with typical characteristics of agriculture and, simultaneously,
the agricultural suitability is low due to a rainfall de cit, we assume a high likeliness of
irrigation. In our case, the original mapping-method [ 7] is modi ed in two points to be
applicable to the ner spatial resolutions: (1) the information about irrigated area derived
from the of cial statistics are not used to avoid a biased result and (2) the restriction of
the approach to only process the land-use cropland is lifted because using an external
(coarser resolution) land use classi cation at this ne spatial resolution would lead to a
predetermination of the result. The result of the threshold mapping method is a map
containing Boolean information of the status of the eld: irrigated or not irrigated.

We derive scaling relation of irrigation extent vs. spatial resolution in three different
regions: central Sudan around Khartoum, in northwestern China in the Uighur province
Xinjiang and in Colorado, southeast of Denver (Figure 1). These three regions were selected
based on the following criteria:

The region's agricultural suitability is low due to rainfall de cit to avoid both confusion
between irrigated and rain-fed areas and high cloud cover.

The region should be dominated by irrigated agriculture.

The selected regions should cover a broad range of agricultural systems—from subsis-
tence to high-intensity agriculture.

Figure 1. Global overview of the selected regions including the Sentinel 2 tile name.
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All three regions are characterized by low annual precipitation values. The region
in the USA (303 mm/year) is the wettest, followed by Sudan (202 mm/year) and China
(173 mml/year), based on the ERAS data of the year 2016 [34]. Each study area covers one
Sentinel-2 tile of approx. 100 100 km.

According to Fritz et al. [ 35], the eld sizes in the three tiles ranges from “very small”
to “very large”. The eld sizes in the USA are categorized as “large”, in China as “medium”
and in Sudan from “very small” to “small”. A visual pre-analysis shows that the sizes and
shapes of the elds in China and Sudan vary strongly whereas the elds in the USA are
homogeneous and only differ in shape: squared or the typical circular elds shaped by
center pivot irrigation. The cultivated crops range from alfalfa and cereals to groundnut
and fruits. The area in the USA is characterized by alfalfa (66%) and maize (31%); the
remaining agricultural areas are used mainly for fruits and vegetables [ 36]. The agricultural
areas in Sudan are mainly used for the cultivation of groundnut (71%), cotton (8%) and
millet (6%). The remaining area of 15% is used for the cultivation of crop types such as
maize, cassava, beans, dates and fruits. In the selected China tile, mainly cotton (37%) and
maize (32%) are cultivated. Permanent crops such as grapes (4%) and apple trees (3%) are
also cultivated, as well as vegetables and fruits.

The study of the scaling relations is carried out for the year 2016. In this study,
we apply the modi ed mapping method described above to the selected Sentinel-2 tiles
at a spatial resolution of 10 m, 20 m, 40 m, 60 m, 100 m, 300 m, 600 m and 1000 m to
systematically evaluate the impact of spatial resolution on the identi ed irrigated area.

In order to investigate how the Sentinel-2 and PROBA-Vegetation (PROBA-V) spectral
coverage compares when using the selected irrigation mapping approach and in order to
link the results of the varying-resolution Sentinel-2 mapping with the operational PROBA-V
(300 m) mapping of irrigated area, the same irrigation mapping method is also applied to
the available PROBA-V data sets of the same period and regions. PROBA-V was developed
as successor of SPOTS5 to ensure the continuation of low-resolution vegetation products and
was successfully launched in 2013. The spectral range is similar to SPOT5 and provides
4 bands (BLUE, RED, NIR, SWIR) in a spatial resolution from 100 to 300 m [37,38]. The
Sentinel-2 and PROBA-V results are compared at a spatial resolution of 300 m.

Sentinel-2 is a multi-spectral satellite and is part of the EU's Copernicus program. The
spatial resolution depends on the spectral band. The bands (band 8 (NIR) and band 4 (RED))
used in this study are available at a resolution of 10 m. We use the Top-Of-Atmosphere
re ectance (TOA) Sentinel-2 data that are corrected for atmospheric effects to Top-Of-
Canopy (TOC) re ectance data at 10 m using an inverse radiative transfer approach based
on MODTRAN radiative transfer simulations [ 39]. During the atmospheric correction
process, a cloud and snow mask is automatically derived from the images. All available
unmasked data of all available dates of 2016 for the selected tiles are used for our analysis.
Figure 2 shows the average number of valid observations per pixel for each month.

Figure 2. The average number of valid Sentinel-2 observations per pixel for each month in the study regions.
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The Normalized Difference Vegetation Index (NDVI) is calculated from the available
Sentinel data where RED is TOC re ectance in band 4 and NIR is TOC re ectance in

band 8 as:
NIR (band8) RED(band4)

NDVI = NIR (band8)+ RED(band4)
RED = TOC re ectance in band 4 1)

NIR = TOC re ectance in band 8

This results in a spatially distributed multi-temporal 10 m-resolution temporal course

of NDVI covering the year 2016. To calculate multi-temporal NDVI data at 20 m, 40 m,
60 m, 100 m, 300 m, 600 m and 1000 m, the TOC re ectance values of the spectral bands RED
and NIR are separately rescaled using a moving window which averages the re ectance
of the pixel within the respective area of the coarser resolution. The upscaled re ection
value is then used to calculate the NDVI according to Formula 1. For each spatial resolution
data set, irrigation maps are created using the identical adapted threshold method to map
irrigated areas [7].

2.2. Scaling Relation at Different Spatial Resolution

The irrigation mapping results differ depending on the spatial resolution. Whereas a
perfectly homogeneous image does not show differences in NDVI with changing resolution,
the averaging of heterogeneous (with reference to the considered resolution) re ectances
in the higher resolution images results in a tendency to homogenize the NDVI values
in the coarser resolution images. Since the irrigation detection algorithm is non-linear
with NDVI, this changes the amount of detected irrigation, with NDVIs averaged over
heterogeneous areas. Therefore, we assume a relationship between the heterogeneity of the
spatial position and formation of the irrigated area as it is shown in the ne resolution and
the area changes when moving up to coarser resolutions. To measure the heterogeneity
or homogeneity of the irrigation pattern, we use landscape metrics, a measure for the
complexity of a landscape. To quantify the relation between landscape metrics and the
areal change with resolution of the mapped irrigated area, we calculate landscape metrics
for the three regions. To increase the number of samples, we split each region in 36 tiles
to generate more stable statistics. A pre-analysis showed that at and above 6 by 6 pixels,
the results remained constant. For the 36 tiles, the areal change between 300 m and 10 m is
calculated as follows:

areal changg%] = irrigated area 300 m [%] irrigated area 10 m [%)] )

While the pixel at 300 m gives Boolean information (irrigated or not irrigated), the
result at 10 m gives more precise information about the irrigated area at the corresponding
300 m pixel. This information is used to determine the difference between the mapping
result at 300 m and 10 m. Depending on the position and spatial arrangement of the
irrigated area, the change in spatial resolution from 10 m to 300 m can result in positive
or negative areal change of irrigated area detected by the algorithm. Negative changes
occur in case of a high heterogeneity of the considered area. Positives changes occur when
the majority of the considered area is classi ed as irrigated, and the spectral re ectance is
hardly affected by the upscaling process. Positive changes are rather theoretical and hardly
ever occur. Therefore, this study will focus solely on the negative changes.

To quantify the relation between landscape metrics and the areal change with resolu-
tion of the mapped irrigated area, we calculate landscape metrics on the same 36 tiles of the
three regions using the R-package of Hesselbarth et al. 40]. We assume that the position,
the shape and the spatial arrangement are reasons for the areal change of the mapping
results. To explain the negative changes of irrigated area with decreasing resolution, we
calculate the Landscape Shape Index (LSI, see Equation (3)), which describes the ratio of
the total edge length of a class, in our case, irrigated area, to the minimum edge length. LSI
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measures the complexity of a selected class (irrigated) compared to the other classes (not
irrigated) of a landscape.

— E
LSI= min (E) (3)

E = total edge length of the class

Thus, as a ratio between the actual class edge length and the minimum class edge
length, the LSl is an "aggregation metric'. In case of only one class in the landscape, the
minimum length equals the edge length. The higher the ratio, the more complex the pattern
of the irrigated area. The result is a high expected loss of mapped irrigated area at the
coarser spatial resolution. The LSl is calculated for the 36 tiles of the irrigation mapping
at 300 m and is correlated with the negative areal change for the mapping result between
300 m and 10 m.

3. Results
3.1. Extent of Irrigated Area

The mapped irrigated area as a function of spatial resolutions is compared in Figure 3
for the three selected study sites. Generally, it shows a decrease in irrigated area with
decreasing spatial resolution. Nevertheless, there are large differences in the relationship
between resolution and area between the selected regions. This can be seen in Figure 3 in
China, where the scaling effect is rather small, whereas Sudan and USA show a pronounced
scaling effect.

Figure 3. Mapped irrigated area in the selected Sentinel-2 tiles in China, Sudan and USA at different
spatial resolutions. In Sudan and USA, the mapped irrigated area decreases with decreasing spatial
resolution while the mapped irrigated area in China is almost independent of resolution.

Table 1 shows the absolute values of the mapped irrigated area in the three study sites
in km 2 for the selected spatial resolutions.

Table 1. Resulting irrigated area in the three different regions.

Spatial Resolution China [km 2] Sudan [km 2] USA [km 2]
1000 m 2872.95 2159.24 734.21
600 m 2904.48 2416.68 903.24
300 m 2908.71 2599.83 1021.41
100 m 2910.75 2832.09 1144.47
60m 2905.35 2901.15 1233.78
40m 2905.28 2945.68 1262.84
20m 2919.77 3009.17 1305.00

10m 2992.01 3044.93 1401.12
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Figure 3 and Table 1 show that the mapping result in China is hardly affected by
the upscaling resolution from 10—1000 m. Reasons are the structure of the irrigated area
in this region which consists of very large-scale cohesive irrigated plots. In this case,
NDVI does not change signi cantly by averaging towards lower resolutions and a mix
of different NDVI values hardly occurs in the high-resolution ensemble underlying the
low-resolution pixels.

Figure 4 shows the spatial distribution of the mapped irrigated area in the three
selected Sentinel-2 tiles for a spatial resolution of 10 m, 300 m and 1000 m. Visually, the
spatial irrigation patterns largely differ in the three regions: while irrigation in Sudan and
USA is scattered, the irrigated area in China is more clumped in two large contiguous
irrigation clusters. At the coarser spatial resolutions, the small and scattered irrigated areas
in Sudan and USA disappear while the irrigated agglomerations in China prevail.

Figure 4. Mapped irrigated area as a function of spatial resolution in the three different study sites:
A =China, B=Sudan,C=USA.1=10m, 2=300m,3=1000 m.

3.1.1. Sudan

The identi ed irrigated area in Sudan clearly decreases with coarser spatial resolution.
At a resolution of 100 m, the irrigated area decreases by 7% and continues to decrease to
29% at a resolution of 1000 m (Figure 3 and Table 1). At a coarser resolution of 300 m, single
small-scale elds are no longer classi ed as irrigated, especially when they are surrounded
by non-cultivated or abandoned elds or non-vegetated areas. This effect decreases the
extent of irrigated areas. Figure 5 shows that contiguous clusters of elds are less affected
by resolution decrease. At the ner resolutions (below 300 m), the elds are well de ned
and differentiation between fallow elds, possible arti cial area and other irrigated elds
is possible. At the coarser resolutions (from 300 m upwards), the areal extent decreases and
the original patterns are hardly visible.
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Figure 5. The decrease in irrigated area at coarser resolutions at the study site in Sudan. The left
image shows the area classi ed as irrigated at the resolution of 10 m. The middle shows the same
area at 300 m and at the right at 2000 m.

Figure 5 shows the center pivot elds in the northwestern part of the Sudan tile. This
detail serves as a good example of the decrease in the irrigated area. Atthe ner resolutions,
the center pivot elds can clearly be identi ed. At a resolution of 300 m, the center pivot
elds dissolve and almost completely disappear at the resolution of 1000 m.

3.1.2. USA

In the USA, the irrigated area decreases by 27% at the resolution of 300 m and by 48%
at the coarsest resolution of 1000 m (Figure 3 and Table 1). At the nest resolution, the
irrigated area around the Arkansas River in the south of the scene is dense and, therefore,
not affected by the coarser resolutions. In the northwestern part of the scene, some single
elds and elds in small irrigation clusters exist. Small single irrigated elds or smaller
irrigated clusters are scattered over the whole tile. By decreasing the spatial resolution, the
small, irrigated elds disappear and the elds in the larger agglomerations prevail.

3.1.3. China

In contrast to the ndings in Sudan and USA, the identi ed irrigated area in China
almost remains constant across all spatial resolutions. The differences between the spatial
resolutions are small (~1%). The tile shows two large agglomerations and two smaller
agglomerations of irrigated area. The elds are more densely organized than in the USA
and Sudan tiles and the irrigated area is affected differently by the decrease in resolution.
Instead of decreasing the irrigated area, the small space between the elds is averaged out
and also classi ed as irrigated and the original pattern of the agglomeration of the elds
remains. This results in a smaller decrease in the irrigated area at resolutions up to 1000 m
compared to the results in the USA and Sudan.

3.2. Comparison of the Sentinel-2 Irrigation Mapping to PROBA-V

The coarser spatial resolutions of the different data sets, which were used to investigate
the scaling behavior, are generated by spatially averaging the re ectance values from
Sentinel-2 data before further processing the data. This ensures that the spectral sensitivity
with which the red and NIR bands re ectance is measured is the same for all resolutions
and that resulting NDVIs are derived in a consistent manner.

Operational irrigation monitoring relies on coarse resolution sensors such as PROBA-
V. Itis, therefore, important from a monitoring point of view to investigate whether this
downscaling approach leads to irrigated areas, which are comparable to those which
are monitored operationally with PROBA-V. For one, the spatial resolution of 300 m of
the downscaled Sentinel-2 data geometrically closely resembles that of VEGETATION
on PROBA-V. Nevertheless, there are differences in the spectral characteristics of the red
and NIR spectral bands, the time of overpass and, thereby, the illumination condition
and related bi-directional re ectance effects during recording and the temporal coverage
between the two sensors. To explore the in uence of the different sensor systems on
irrigation mapping, the results of the 300 m Sentinel-2 irrigation maps are compared to the
results using the identical approach and NDVI time series derived from PROBA-V.
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Figure 6 shows the irrigation map derived from PROBA-V NDVI data in 2016 with the
same approach used for the Sentinel-2 series of spatial resolution data sets. The patterns
shown in Figure 6 closely resemble those in Figure 3. Table 2 shows that the mapping
results of approx. 300 m PROBA-V are very close to the results at the aggregated 300 m
Sentinel-2 results in all three regions. PROBA-V overestimates the area in all three regions
by approx. 6% in Sudan, 1.4% in China and 0.7% in the USA compared to Sentinel-2.

Figure 6. Irrigated area of 2016 derived from PROBA-V data at 10 arc seconds (approx. 300 m) for the
regions of China (left), Sudan (middle ) and USA (right ).

Table 2. Comparison of the irrigation mapping results using PROBA-V and the degraded Sentinel-2
data at 300 m.

Satellite Spatlgl Sudan USA China
Resolution
PROBA-V ~300 m 2671 kn? 1035 kn? 2940 kn?
Sentinel-2;309 300 m 2599 kn? 1021 kn? 2908 kn?

We thus conclude that our irrigation mapping method using annual NDVI courses is
transferable between Sentinel-2 and PROBA-V data. On the other hand, our analysis of
the mapping results at different spatial resolutions shows that Sentinel-2, at a resolution of
10m, is able to detect additional irrigated areas which are lost at the coarser resolution. On
the other hand, the large data volume involved would be a large obstacle for an operational
global irrigation monitoring system based on Sentinel-2. By possibly using scaling relations
that would, depending on the geographical setting, allow us to correct for the lost irrigated
area in the coarse resolution operational irrigation monitoring system, the use of 10m-
resolution Sentinel-2 data would largely enhance the monitoring result. Here, we propose
a framework which would allow global PROBA-V irrigation monitoring to pro t from
sample Sentinel-2 irrigation mapping by allying appropriate scaling relations.

3.3. Scaling Relation between Lost Irrigated Area and the Landscape Shape Index

In Section 2.2, we hypothesized a relationship between the Landscape Shape Index
and the negative areal change of the irrigation mapping with spatial resolution. When
applying the LSI to the 36 sub-tiles in each of the three selected Sentinel-2 tiles, the re-
sults in Figure 7 show a strong linear relationship between the LSI and the negative
change of the mapped irrigation area at 300 m compared to at 10 m (Sudan: r = 0.92,
USA:r= 0.95, China:r = 0.96). Figure 7 shows the result in the three regions and the
different characterization of the areal change and the LSI.
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Figure 7. Loss of the mapped irrigated area from 10 m to 300 m spatial resolution as a function of the
Landscape Shape Index (LSI) in the three regions: Sudan, USA and China.

At small values, the relationship in all three regions behave similarly. Higher LSI
values are observed in Sudan and changes the linear equation compared to the equations
in USA and China. This shows that the mapping result depends on the spatial formation
and arrangement and the complexity of the shape of the irrigation network. These relations
seem to be independent from the region and are based solely on the spatial arrangement
and the complexity of the shapes of the mapped irrigated area.

4. Discussion

This study represents a systematical analysis of the in uence of spatial resolution
of the selected sensor on the mapped irrigated area. The study con rms the ndings of
Velpuri et al. [ 24], in that the mapped irrigated area generally decreases when moving to
a coarser spatial resolution. The magnitude of change in the irrigated area with spatial
resolution shows a strong linear relation with the LSl in all three regions and seems to be
regionally independent.

However, many factors in uence the scaling relation, with the characteristics of the
regional farming system being the most obvious. These characteristic farming systems
result in the spatial formation of the irrigated elds and were affected differently according
to their shape and their spatial arrangement in the coarser spatial resolution. While the
mapping result in China stayed constant, the analyzed regions in Sudan and USA showed
large discrepancies in the mapped irrigated area at different spatial resolutions. This implies
a high complexity of the irrigation patterns which affect the spectral upscaling to a coarser
resolution, while the irrigated area in China is ordered mainly in irrigation agglomerations
with a low complexity in shape. That means the determination of irrigated areas in regions
of small and scattered elds is more affected when moving to coarser resolutions than in
regions of larger, connected elds in areas which are completely used for agriculture. As
soon as single elds are embedded in a non-irrigated surrounding of fallow elds or barren
land, the identi ed irrigated area is highly sensitive to a decrease in resolutions.

The upscaling of the spectral information smooths the NDVI signal and in uences
the mapping method. This leads to a signi cant change of the average NDVI in case of a
high NDVI variation at the underlying resolution. High NDVI variations are caused by
different growth phase or by a mix of different land uses at one 300 m-resolution pixel. This
effect is shown in the example of Sudan, where the landscape is characterized by a mix of
small elds, meadows and settlements interrupted by streets and fallow land. At coarser
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resolutions (>100 m), this leads to high variations in the NDVI within one coarse resolution
pixel and, thereby, in uences the mapping result (Figures 3 and 5).

The largest absolute changes in identi ed irrigated area with decreasing spatial res-
olutions were found in the USA. The differences may have several reasons: The annual
precipitation in the region is 329 mm/a, which is the highest of the three compared re-
gions. For rain-fed agricultural systems, this precipitation amount is very low, causing
supplemental irrigation systems to be widely used in this area. Precipitation events might
occur very locally and in summer as heavy thunderstorms, which have comparable effects
to technical irrigation. The high-resolution images show small water ponds and water
channels used for storage and transportation of water from wells or water bodies to the
irrigated elds. The greening effect around the water storage and transportation bodies are
part of the high-resolution images but are too small to be resolved in the coarser resolution
images. Decreasing the resolution, therefore, affects the recognition of the areas around
the water bodies and results in a smaller irrigated area. The most decisive reason is the
structure and the complexity of shape of the agricultural elds in this area. The irrigated
elds in the north of the scene are distributed spatially, separated by barren land, pastures
or unmanaged land. This leads to low NDVI values at the coarser resolutions, which reduce
the identi ed irrigated area. However, the NDVI is limited regarding the fast saturation
in case of active vegetation and does not provide details about biomass or LAI [ 41]. The
example in the USA shows the dif culties of greening along water-channels or the greening
after small-scale precipitation events, which leads to higher NDVI-values and in uences the
irrigation mapping method. In contrast to the results in the USA and Sudan, the mapping
results in China are very similar at all spatial resolutions. Large-scaled elds of similar sizes
and a small share of fallow elds characterize the two large agricultural areas of the scene.
They indicate that the farming system follows a central management scheme resulting in a
low complexity of the shape of the elds. The regular pattern of the elds, the absence of
fallow elds and the large size of the elds in combination result in constant NDVI values
across the different spatial resolutions and, hence, scale-independent mapping results.

Besides the different behavior regarding the mapping result at a coarser spatial res-
olution in China compared to Sudan and the USA, the relation of the negative changes
of mapped irrigated area and the LS| behaves in all three regions constantly. This means
the negative areal change of irrigated area with resolution is explained by the LSI and
shows that landscape metrics can also be used outside of the analysis of natural ecosys-
tems in man-made patterns. The relations between negative areal change and LS| can be
used as information about the considered region regarding an expected loss of mapped
irrigated area at a coarser resolution derived by wide-swath medium-resolution satellites.
A transferability is possible, since the study showed that the downscaled Sentinel-2 and
original PROBA-V NDVI time series of the same spatial resolution and the same time period
were practically identical despite the differences in sensor characteristics, measurement
and sun angle. This demonstrates the stability of the overall approach and allows to link
Sentinel-2- and PROBA-V-derived irrigation maps. The scaling relation builds a bridge
between the medium-resolution sensors such as PROBA-V or the new Sentinel-3 mission
and high-resolution sensors such as Sentinel-2.

The presented results identify three main driving forces on the extent of the irrigated
area: (a) the spatial resolution, (b) the spatial distribution of the irrigated elds in the
analyzed area and (c) the complexity of the shape of the connected irrigated elds. Changes
in the spatial resolution in uence the mapping results differently depending on the spatial
distribution and the complexity of the shape of the irrigated elds in the analyzed area.
Thus, the in uence of the spatial resolution on the mapping results differs from landscape
to landscape. The trend towards spatially and temporally high-resolution satellite data and
high-performance computing offers opportunities to rethink existing methods of irrigation
mapping considering local conditions such as the spatial distribution of elds and combine
crop growth model results with derived information about the development of biomass
and plant conditions.
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5. Conclusions

Overall, it can be concluded that the mapping of irrigated area using an NDVI thresh-
old approach highly depends on both the spatial distribution of irrigated elds and the
spatial resolution of the observing sensor. The study demonstrates the potential of Sentinel-
2 to open a new chapter of irrigation mapping by providing high-spatial-resolution NDVI
time series with a temporal resolution of up to 2.5 days and can be applied as a transition
from the historical irrigation mapping with wide-swath medium-resolution sensors such
as VEGETATION, MODIS and AVHRR to an irrigation monitoring at a high temporal and
spatial resolution. Further, the use of the landscape metrics shows the potential to estimate
an expected accuracy of irrigation mapping derived by wide-swath medium-resolution
satellites such as Sentinel-3. Landscape metrics can identify regions characterized by a high
expected loss in irrigation mapping with coarser resolution. The information about the
in uence of spatial scale on irrigation mapping will increase the accuracy of the estimation
of the actual amount of water that is withdrawn from the regional water resources and
diverted regionally into the atmosphere by irrigation.

The next step should be the development of an automatically updated irrigation
monitoring system which supplies the users up-to-date information about the state of
irrigation in terms of location, area and type. Irrigation monitoring as input information in
spatially distributed crop growth models will improve the model results regarding water
ows. The comparison of the model results with time series of multispectral remote sensing
observations, which document the development of the irrigated crops from seeding to
harvest, will allow the traceability of irrigation management such as the used irrigation
water by the crops, irrigation water loss through interception or soil evaporation and
overall water use ef ciency. A remote-sensing-based monitoring system of the described
kind is the prerequisite for the improvement of irrigation management towards a less
wasteful use of the precious water resources by the farmers and can be a strong instrument
in negotiations regarding upstream—downstream water con icts in large watersheds.

Author Contributions:  Conceptualization, J.M. and W.M.; methodology, J.M. and W.M.; software,
J.M.; formal analysis, J.M. and W.M.; data curation, J.M.; writing—original draft preparation, J.M.;
writing—review and editing, J.M. and W.M.; visualization, J.M.; supervision, W.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Bavarian Environment Agency (Landesamt fur Umwelt,
LfU) under the grant number 81-44214.9-89131/2017, 81-4421.9-89123/2017 and 81-4421.992819/2017,
by the open access publication fund of the German Aerospace Center (DLR) and to a smaller part by
AgRAIN, a project funded by the Federal Ministry of Education and Research (Bundesministerium

fur Bildung und Forschung, BMBF) under the grant number 01LZ1904A.

Data Availability Statement:  The irrigation maps at different spatial scale produced in this study
are available from the corresponding author upon reasonable request.

Acknowledgments: The authors would like to thank the Vista GmbH—Remote Sensing Applications
in Geosciences for providing the processed Sentinel-2 data. We also gratefully acknowledge the
anonymous reviewers and editors for constructive comments for improvement of the manuscript.
The responsibility for the content of this publication lies with the authors.

Conicts of Interest:  The authors declare no con ict of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Mueller, N.D.; Gerber, J.S.; Johnston, M.; Ray, D.K.; Ramankutty, N.; Foley, J.A. Closing yield gaps through nutrient and water
management. Nature 2012 490, 254—-257. [CrossRef]

2. Foley, J.A.; Ramankutty, N.; Brauman, K.A.; Cassidy, E.S.; Gerber, J.S.; Johnston, M.; Mueller, N.D.; O'Connell, C.; Ray, D.K.; West,
P.C.; et al. Solutions for a cultivated planet. Nature 2011 478 337-342. [CrossRef]

3. FAO. FAOSTAT; Food and Agriculture Organization of the United Nations (FAO): Paris, France, 2016.

4.  FAO. Total Withdrawal by Sectgoi=ood and Agriculture Organization of the United Nations (FAO): Paris, France, 2014.



Remote Sen2023 15, 315 130f 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

Neumann, K.; Stehfest, E.; Verburg, P.H.; Siebert, S.; Miller, C.; Veldkamp, T. Exploring global irrigation patterns: A multilevel
modelling approach. Agric. Syst.2011, 104, 703—713. [CrossRef]

Puy, A. Irrigated areas grow faster than the population. Ecol. Appl.2018 28, 1413-1419. [CrossRef] [PubMed]

Meier, J.; Zabel, F.; Mauser, W. A global approach to estimate irrigated areas—A comparison between different data and statistics.
Hydrol. Earth Syst. Sci2018 22, 1119-1133. [CrossRef]

Strzepek, K.; Boehlert, B. Competition for water for the food system. Philos. Trans. R. Soc. London. Ser. B Biol. 2£11Q 365
2927-2940. [CrossRef] [PubMed]

Micklin, P. The Aral Sea Disaster. Annu. Rev. Earth Planet. ScR007, 35, 47-72. [CrossRef]

Chen, L.; Ma, Z.-G.; Zhao, T.-B.; Li, Z.-H.; Li, Y.-P. Simulation of the regional climatic effect of irrigation over the Yellow River
Basin. Atmos. Ocean. Sci. Let2017, 10, 291-297. [CrossRef]

Udall, B.; Overpeck, J. The twenty- rst century Colorado River hot drought and implications for the future. Water Resour. Res.
2017 53, 2404-2418. [CrossRef]

Maupin, M.A.; Ivahnenko, T.; Bruce, B. Estimates of Water Use and Trends in the Colorado River Basin, Southwestern United States,
1985-2010. InJ.S. Geological Survey Scientific Investigations Report 2018-5049. Geological Survey: Reston, VA, USA, 2018.
Ozdogan, M.; Yang, Y.; Allez, G.; Cervantes, C. Remote Sensing of Irrigated Agriculture: Opportunities and Challenges. Remote
Sens.201Q 2, 2274-2304. [CrossRef]

Ozdogan, M.; Gutman, G. A new methodology to map irrigated areas using multi-temporal MODIS and ancillary data: An
application example in the continental US. Remote Sens. Enviroi2008 112 3520-3537. [CrossRef]

Ambika, A.K.; Wardlow, B.; Mishra, V. Remotely sensed high resolution irrigated area mapping in India for 2000 to 2015. Sci.
Data 2016 3, 160118. [CrossRef]

Jin, N.; Tao, B.; Ren, W.; Feng, M.; Sun, R.; He, L.; Zhuang, W.; Yu, Q. Mapping Irrigated and Rainfed Wheat Areas Using
Multi-Temporal Satellite Data. Remote Sen016 8, 207. [CrossRef]

Salmon, J.M.; Friedl, M.A.; Frolking, S.; Wisser, D.; Douglas, E.M. Global rain-fed, irrigated, and paddy croplands: A new high
resolution map derived from remote sensing, crop inventories and climate data. Int. J. Appl. Earth Obs. Geoin2015 38, 321-334.
[CrossRef]

Thenkaball, P.S.; Biradar, C.M.; Noojipady, P.; Dheeravath, V.; Li, Y.; Velpuri, M.; Gumma, M.; Gangalakunta, O.R.P.; Turral, H.;
Cai, X.; et al. Global irrigated area map (GIAM), derived from remote sensing, for the end of the last millennium. Int. J. Remote
Sens.2009 30, 3679-3733. [CrossRef]

Cammalleri, C.; Anderson, M.C.; Gao, F.; Hain, C.R.; Kustas, W.P. Mapping daily evapotranspiration at eld scales over rainfed
and irrigated agricultural areas using remote sensing data fusion. Agric. For. Meteorol2014 186, 1-11. [CrossRef]

Abuzar, M.; McAllister, A.; Whit eld, D. Mapping Irrigated Farmlands Using Vegetation and Thermal Thresholds Derived from
Landsat and ASTER Data in an Irrigation District of Australia. Photogramm. Eng. Remote Se@815 81, 229-238.

Lawston, P.M.; Santanello, J.A.; Kumar, S.V. Irrigation Signals Detected From SMAP Soil Moisture Retrievals. Geophys. Res. Lett.
2017, 44, 860-867. [CrossRef]

Puy, A.; Sheikholeslami, R.; Gupta, H.V.; Hall, J.W.; Lankford, B.; Lo Piano, S.; Meier, J.; Pappenberger, F.; Porporato, A.; Vico, G.;
et al. The delusive accuracy of global irrigation water withdrawal estimates. Nat. Commun.2022 13, 3183. [CrossRef]

Puy, A.; Lankford, B.; Meier, J.; van der Kooij, S.; Saltelli, A. Large variations in global irrigation withdrawals caused by uncertain
irrigation ef ciencies. Environ. Res. Lett2022 17, 044014. [CrossRef]

Velpuri, N.M.; Thenkabail, P.S.; Gumma, M.K.; Biradar, C.; Dheeravath, V.; Noojipady, P.; Yuanjie, L. In uence of Resolution in
Irrigated Area Mapping and Area Estimation. Photogramm. Eng. Remote Se@809 75, 1383-1395. [CrossRef]

Ferrant, S.; Selles, A.; Le Page, M.; Herrault, P.-A.; Pelletier, C.; Al-Bitar, A.; Mermoz, S.; Gascoin, S.; Bouvet, A.; Saqalli, M.; et al.
Detection of Irrigated Crops from Sentinel-1 and Sentinel-2 Data to Estimate Seasonal Groundwater Use in South India. Remote
Sens.2017, 9, 1119. [CrossRef]

Sharma, A.K.; Hubert-Moy, L.; Buvaneshwari, S.; Sekhar, M.; Ruiz, L.; Bandyopadhyay, S.; Corgne, S. Irrigation History Estimation
Using Multitemporal Landsat Satellite Images: Application to an Intensive Groundwater Irrigated Agricultural Watershed in
India. Remote Sen2018 10, 893. [CrossRef]

Demarez, V.; Helen, F.; Marais-Sicre, C.; Baup, F. In-Season Mapping of Irrigated Crops Using Landsat 8 and Sentinel-1 Time
Series.Remote Seng019 11, 118. [CrossRef]

Patton, D.R. A Diversity Index for Quantifying Habitat “Edge”.  Wildl. Soc. Bull.1975 3, 171-173.

Hargis, C.D.; Bissonette, J.A.; David, J.L. The behavior of landscape metrics commonly used in the study of habitat fragmentation.
Landsc. Ecol1998 13, 167-186. [CrossRef]

Bogaert, J.; Van Hecke, P.; Salvador-Van Eysenrode, D.; Impens, |. Quantifying habitat edge for nature reserve design.Coenoses
1998 13, 131-136.

Wang, X.; Blanchet, F.G.; Koper, N.; Tatem, A. Measuring habitat fragmentation: An evaluation of landscape pattern metrics.
Methods Ecol. EvoR014 5, 634—646. [CrossRef]

Nowosad, J.; Stepinski, T.F. Information theory as a consistent framework for quanti cation and classi cation of landscape
patterns. Landsc. Ecol2019 34, 2091-2101. [CrossRef]

Zabel, F.; Putzenlechner, B.; Mauser, W. Global agricultural land resources—A high resolution suitability evaluation and its
perspectives until 2100 under climate change conditions. PLoS ONE2014 9, e107522. [CrossRef]



Remote Sen2023 15, 315 14 of 14

34.

35.

36.

37.

38.

39.

40.

41.

Hersbach, H.; Bell, B.; Berrisford, P.; Hirahara, S.; Horj nyi, A.; Mufioz-Sabater, J.; Nicolas, J.; Peubey, C.; Radu, R.; Schepers, D.;
et al. The ERAS global reanalysis. Q. J. R. Meteorol. So202Q 146, 1999-2049. [CrossRef]

Fritz, S.; See, L.; McCallum, I.; You, L.; Bun, A.; Moltchanova, E.; Duerauer, M.; Albrecht, F.; Schill, C.; Perger, C.; et al. Mapping
global cropland and eld size. Glob. Chang. Biol2015 21, 1980-1992. [CrossRef] [PubMed]

Monfreda, C.; Ramankutty, N.; Foley, J. Farming the planet: 2. Geographic distribution of crop areas, yields, physiological types,
and net primary production in the year 2000. Glob. Biogeochem. Cycl2808 22. [CrossRef]

Sterckx, S.; Benhadj, |.; Duhoux, G.; Livens, S.; Dierckx, W.; Goor, E.; Adriaensen, S.; Heyns, W.; Van Hoof, K.; Strackx, G.; et al.
The PROBA-V mission: Image processing and calibration. Int. J. Remote Sen2014 35, 2565-2588. [CrossRef]

Santandrea, S.; Mellab, K.; Vrancken, D.; Versluys, J. The PROBA-V mission: The space segment AU—Francois, Michaelnt. J.
Remote Sen014 35, 2548-2564. [CrossRef]

Verhoef, W.; Bach, H. Simulation of hyperspectral and directional radiance images using coupled biophysical and atmospheric
radiative transfer models. Remote Sens. Enviro2003 87, 23-41. [CrossRef]

Hesselbarth, M.H.K.; Sciaini, M.; With, K.A.; Wiegand, K.; Nowosad, J. landscapemetrics: An open-source R tool to calculate
landscape metrics. Ecography2019 42, 1648-1657. [CrossRef]

Vifia, A.; Gitelson, A.A.; Nguy-Robertson, A.L.; Peng, Y. Comparison of different vegetation indices for the remote assessment of
green leaf area index of crops. Remote Sens. Enviror2011, 115 3468-3478. [CrossRef]

Disclaimer/Publisher's Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



Wu o] S]ivi

W >/ d/KE

D] ®U :XV D pe EGU tXV , viU dXV ZU X ~TiTieW ee ooy v
E *}oud]ivre Ve}E %]ZLZ 0 <]l « (}E }uu}v PE] po3uE o %}o] C
ME}% Vv & PJuweXS E- v o SE}v] « UWviodP EINiI poSHiUE
Z88%o*WIIl }IXIEPITIXiTioliX }u% PXiiioXiiATiAX

r oo r



&RPSXWHUV DQG (OHFWURQLFV LQ $JULFXOWXUH

! "# "#H S
" $% &' ! #
%l& ' &()* $ 1% !
() Jon 2
3! #
*+%(& , 4 3.5
- + 42 6
4 31
) - '(123&
33 -7
5 "& ! 3
! -189 :3; 4 <
$ 7 ( 31 4 7 -=
/81-1:1 /13! 4 >.824 7
7 + 24 7 n 7
4 31 4
7 3& 7 7 81 -0?2@ -1
8-0--@ 4
- 23! 80:@ / -0?1@ 1 (!
"& 2 /10A1@ /1 '!2 3! 4 7 n
-101@ 81 A109/@ -1 . -231 /08-@ /
B-0BA@ :1 .'( 12 BB@ /1 123 % 7
7 / - 4
C/ll@ CBil1@ 4 BB@ 5
3 -1 7 @ L@
7 &
4 3'17
4 17 7
7 @ 1 -@ 13
23 &
# 7
8-@ 7 7
2 D 4 3 4 4 3&
4
23 3,
4 3) 4 33
# 7
3
* ) .3 23
% -B* -18BE% 8B -18BE -B -18B
$YDLODEOH RQOLQH -DQXDU\

<

7KH $XWKRUV 3XEOLVKHG E\ (OVHYLHU % 9

7KLV LV DQ RSHQ DFFHVV DUWLFOH XQGHU WKH
KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHV %<



&RPSXWHUV DQG (OHFWURQLFV LQ $JULFXO

3! 7 -1 11 "&
7 7 1 1 "1 3
7 4 7 # #
7 3& 3
4 4 3
4 7 |
H 4
23 | 7
! 3! 7 3&
# 4 4
23! 7 4 3 5L + & 4
4 7 M '+& 2 L&
on 3 M.& 2 , 3)
4 3
13/0/ & '+& 4 7
77 7 | + 4
3& '+&
3+
7 3 4 4 3
N2
(%2 2
F 7 5 3
7 7 3+ !
7 /. -2 81 . -
4 4 3+ J& (&%2 -1 - (&% &% "&
(%2 4 21 (V7 "& 'l 4
4 2 1 .7 4 2
3! 7 | 4
7 7 3 4 |
7 7
7 7 .82
3! 7 -2
7 3 4 # 3!
> < ) $
7 4 7 (
4 3 3! |
7 6 7
5 + +2
. 5 3% 4
23! 4 7 7 4
6 D
4 4 3 4 4 D 4 5
4 4
7 .33 7
= = 23
7 7 ' #T 4 4 7
7 2 |
3 4 7 4
4 7 | 5 . t2 7
3 1 4 3! 7
3! 4 3
4 3) ! 4
7T #7 L 4
M
4 6 4 23! | 7
3 = D 7
- 8: [ 2. 23
7 81 J& F(&% -1 =
(&%F &% 1 23 4
- 2
J& &% /081 . # . 2
23 & + F$8 231 4
" &
&2 ' ! 6 7
M2 23 " 6 23



&RPSXWHUV DQG (OHFWURQLFV LQ $JULFXO

4
! 5 L& 0& '+& 3
M.& 23* & s 7 (
L' + & 4 M . '+&2
, 4 A31// 3 ?3A;8 3 ?3-/1 3
7 3 '+& :38A: 3 -3/B/ 3 83991 3
@ ??3BA@ 1?3/18@ ??3-2@
4 I L M ( 83B 3 13B 3 13A 3
+2 L) #M )$2 + #M +$2 L M T) 83; -39 -3?
+2. 231 7
+& L M 7 L
7 3
QRS3 7 # 7 3
3M . 7 . 231 & '+&
23! 4 4 3 -11 3)
23
4 7 7 7 & '+&
# (
3 -189 7 7
L M 31 7 ?7@3 83; 4
4 7 7 $
31 82 7 2. 7 = 7 4
2 -2) 3&'7 4
$  $N2. 2 < -39 27 6 3
2 (2. 4 ( -3? 2 7 % 7
27 ) 2 3
.82 & '+&
( $ <7
$%+M2 17 L -189M2 "
2 =2
31 > 4 & '+& 7
21194 ~ '>9A82# ~ SN>AL/L# - 2 /81 ‘;Ii n -



27

-189. > ,& '+&23
27 7
3
1
& 't& 4
/81-1:1
| 3!
.82 4
4 3
3!
/. 27
.2 01 #2
!
7
7
3!

1

&RPSXWHUV DQG (OHFWURQLFV LQ $JULFXO

4
:3/ -189
3& 4
4 4
4
81 2 -1
2 7 3
7



>/ . 281 . 2-1
23)

3!

.82

&RPSXWHUV DQG (OHFWURQLFV LQ $JULFXO

# 4
7 7
4 3!
4 7 4
# # 4
3 1
3
7 6
77 4
7 4 3! #7
4 7 6 4
4 31
4 7
23
+ /1 4
7
7 4 4
7 7 31
4 7
7 4 3
4
3& | 4 7
4 8/0-1
31 c/1
4 4
3) 7 H 4
7 U 4 53
881 -1:1 811
. 923
7 4
/81-1:1 /13
! 4 .2
4 # /1
77 4 U 4 53
7 7
3 /
4 V:@2
6 3+
4
#7 7
3
& U 4 5
4 7 881-1:1 811
.92 7
./ A23! 7 3
! 7 4
4
4 3
7 Uu 4 5 U 4 54
3
7
Uu 4 5 U 4 54 7



+ &RPSXWHUV DQG (OHFWURQLFV LQ $JULFXO

/81-1:1 /1 . 23

-0:@ 4 7 7
/ 3! @ 81 3& ( | 7 7 3
-J& &% 3 & 7 4
810-1@ -1 - (&% &% ] 4 5 3!
"& 3-/0?71@ 4 U 54 D
3 /08-@ 4 U 4
1 7 5 '(! 7 5 /| 3!
"& 'l 3 ''5 7 -0/1@ - J& (&%
/1 /10Al@ 3! 4 7 81 A109/@

$ 7 - (&% &% "& -1 3&



&RPSXWHUV DQG (OHFWURQLFV LQ $JULFXO

+ 2U 4 5.7 2 U 4 54 V1 2 $2
Uu 4 5 U 4 54 2 3
$ > 7 > ( >
@ 4 @ 4 @ 4 @ 4 @ 4 @ 4 4
2 4 VW1 4 VW1 2 VW /1 2
2 2
/ 83,B@ 8-38A@ 83A9@ 13A-@ -39A@ B3/?7@
81 ;378@ ?B3AB@ :3B;@ -382@ :3:@ -9397°@
-1 -3-A@ 9;3?21@ 883;A@ :B3;/@ 8,32:@ AI3-A@
1 ?13A@ BA3A-@ -371@ B83/8@ :139;@ B?3?-@
1 A13-@ BB3B:@ 13/-@ BB3/A@ /93A;@ BB3A?@
$ $ > "7 > ( >
@ 4 @ 4 @ @ 4 @ @
2 4 vwin . 4 Vw1 4 VW1
2 2 2 2
/ 1319@ 13B9@ 138-@ 13:A@ 13-8@ 13;:@
81 137?B@ 813/:@ 13-B@ 3A?@ 13/8@ 23B/@
-1 3@ 1132:@ 83/9@ :3-@ -3:72@ :B39-@
1 8139-@ 9/39;@ 739,@ :93/,@ A3;8@ A3-1@
/1 :3B8@ B93A;@ 89399@ B;3:?@ -13:1@ B;38A@
B-OB9@ (! 7 & 4 54 3 #7 =7
' 1 BB@ 7 ' 7 5 U
/13 4 54 7
$ 7 4 3 7 4
3& 7 7 4 4 B1@
4 4 4 3 3) -1071@
81 4 4 4 3*
C8@ 3! -1 (&% &% - H
80:@ -1 /081@ :1 8B0:?@ /1 4
3 3 ;1091@ 4 23 4
! 4 U 4 54
Vil 2 7 | 3 7 81 7 /
" 78@3! 3
?081@ 81 3-1 11 7 7 4
0@ -1 2 ;909;@ .1 2 3 | 3 7
/1 B;0BB@ 7 $ 7
# /1 4 4 4
3 3 4 7
) >
3 #7 3 # 7 =7
4 7 3
3 # 7 7 U 4 4 5
3 4 Vil 23! 7 81
7 3 -= 91@
Uu 5 U 7
4 54 D 81@3 -1
3 $ ?1@ 1
91@3 /1 4
7 |
3
4 ( "7 7
23 7 Uu 4 5 7 3
U 4 54 $ | - 7 4 ?
3 |
& 3 7 7 / Bl@
4 3! 4 BB@
3 7 | 7
6 | 3 -
2 4 7 .2 4 4 3
17 3) # 5 4 6
7 7 7 4 3
3! 7 Uus5 U 1 /1 B1@ 4 9@



&RPSXWHUV DQG (OHFWURQLFV LQ $JULFXO

+ .2U 4 5 .2U 4 54 | $ /81 -1:1
/13 2W 2W W 7 3
4 3 31 7 7
4 7
# 1 3,
o+ 3 7 1 8
#
7 33
4 3
! F 8 7 7
7 813 71
7 5 + 42 4 7 4
7 7 3
3 189 4 ! 4
3 4 2 < $ 7 7 D
7 ( 3 4
/81-1:1 /1 4 7 82 31 4
-2 il 3 8 4 7
+ -4 4 7 0# | 7 4 7 33
3! #7 2 7
4 5 33 2 31 4
3( 77
7,7 .33 % + 7 3&
2 33" % 7 H
< 2 4 . 23 327
! I 3+
*
3 & # - 4
(! # - H

7 "& 'l 3



+ .2U

4 5 .2U 54 |
/81-1:1 /13 .2W 2W W
+ Uu 4 5.7 2 U
54 Vi1 2 3
>
@ 4 @ @ @
4 4 . 4
2 VW /1 4 VW1
2 2 2
/ 83AB@ 8131-@ 138:@ 13;B@
81 [3AB@ A3A/@ 132:@ :39/@
-1 893721@ AB39B@ -31@ 27238,@
1 ?237@ B/379@ 9318@ AA3A@
1 ;-3B1@ BB391@ -3A1@ BA3:1@
4 7 3
4 4
4
3 7 /1 C;1@ 4
-l@ 3!
7 4
3!
7 (! 7 "& "l
5 1 3! 4
7
Cl /@7 9@ 3
5 - 89@ . -1 2
@. 81 2 4 3@. ‘12 137@.

&RPSXWHUV DQG (OHFWURQLFV LQ $JULFXO

3 7
- 6 #
4 5+ /
4 3 7
74 4 3
4 4
7 4 1
4
4 3 1
7 1@ 4 7 -1@
31 7 7
6 7 (!
4 3
4 #
7 4 (J&3
! -X 81 -1
J& &% 3!
7 81 J&F(&% -1 (&%F &% 7
7
7 81 -13 -1 4 7
7 4
-1@ ;@3 *
6 81 3
4
C-F 4 B:@
3



y 7 | Bl@ 4
BB@
/1
4 3 D
7 3 /
-7 7 4
3&
7 # - #
5
4
7 3
"& 107
7

8F: 4 @

3!
7 78l@ 4 ~@
&5 7 17 6
+96&
2 +. 23
& 7
4 6
7
"& 3 &
4 7
4 3 11
4 "&5 7
3& 5 7 n 7
4 7 H
4
4  /90Al@ BB@
7 4 7 3
+ 7
4 31
7 K 4
7 4 31
7 1 81
7
4 31
7 7
H
7 3&
7
3!
4 R
3&
H 4
4 7
5 7 3
! ST #
I 4
231
51 810-1 /

&RPSXWHUV DQG (OHFWURQLFV LQ $JULFXO

! 7 $
N Y .7 '2 98 ??-873B

9B8:8F-18A 98 ??-83B 9B8-:F-18A 98 ??-83BB-98BF-18A3 !

+ 7 "7 , 3

7 # 3

! 7 # # $ $
S Y'7 "2 -189 & '+&
$ 7 D LI $M $
+ 3!
7 3

Wo+) -

%

-18BF1?F:123

3
3
(# 3% 3-1893!7
. 233 --A -189 38/A08/B3
K $3 8% 33 3 +3$ 33 3
#7. 3 %3 ) J3 < 3 3 -1893& "

&< % -189 -189& &

< % --A  -189 -189E 398;1098;-3

3

(#



&RPSXWHUV DQG (OHFWURQLFV LQ $JULFXO

3 3
) + -1893 &
7 . -18923" 7 # 3
o ( 3
3 3
3 $ $ 3& .2
4 .2 3-1893
3 )*3) E) * ,  ( .)*2>-18B3
P# %D# * ( 3
$ 7 . 23

3 3
,  -18:3( 8:1; && A3 &> %< 1&*(.,2 ( 8:1;F
-18: %) " %+ (+%'& (P ()M (& 8A 3
-18: 4

% . 2(:-FA9 . 2( 8/FB? . 2(

-ABBFB9 . 2 ( 98?F-111 . 2 ( 8-B1F-11/ . 2( ?9/F-119 &&3 8:1;3 3

. A3

3 3
3
3



%0 %0V ]/CE /1

WW E /i

dZz & eposSe }(SZ (]E*S %p o] S]}v & P & JvP §Z § § JG&E
*U% %0 U v3X 00 AJo o & PJ}vo v Po} o § «3}(]EE]P
A 0}% Po} o0 JEE]P 3]}V u % ]Jv 8Z (]E*S %u o] 3]IvX

D] EU :XV s oU &XV D ps EU tX ~T1i0*W Po} 0 %% E} Z
Ju% EJe}v A v J(( E vE & v & 500X N uEGHIB0NE VK




Supplement of Hydrol. Earth Syst. Sci., 22, 1119-1133, 2018
https://doi.org/10.5194/hess-22-1119-2018-supplement

© Author(s) 2018. This work is distributed under

the Creative Commons Attribution 3.0 License.

Supplement of

A global approach to estimate irrigated areas — a comparison
between different data and statistics

Jonas Meier et al.

Correspondence talonas Meier (jonas.meier@Imu.de)

The copyright of individual parts of the supplement might differ from the CC BY 3.0 License.



S. 1 Supplementary materials

Table S1: Comparison of dferent information about irrigated areas in the USA.

New irrigation map[km?] | Ozdogan et al. [km?] | USGS [km?]
California 41,186 26,808 42,087
Texas 30,220 18,312 23,957
Arkansas 19,785 10,610 18,899
Idaho 16,475 8,348 14,569
Oregon 10,268 3,974 7,689
Florida 9,097 4,160 8,053
Kansas 16,146 12,131 12,464
Colorado 16,013 12,043 13,517
Nebraska 36,778 33,118 35,329
Wyoming 7,412 4,370 4,371
Washington 9,232 6,324 6,394
Utah 6,092 3,300 5,423
Missouri 5,632 3,047 5,301
Nevada 3,841 1,306 2,335
Montana 10,336 8,001 6,637
Arizona 4,955 3,050 4,019
Mississippi 6,542 4,755 7,244
Minnesota 2,382 854 2,185
New Mexico 4,985 3,665 3,553
Wisconsin 1,514 558 1,643
Michigan 1,939 1,208 2,048
New Jersey 542 192 402
Oklahoma 2,533 2,197 2,161
New York 312 164 437
Georgia 5,941 5,802 5,787
Connecticut 75 0 105
Rhode Island 25 0 25
Massachusetts 59 53 163
New Hampshire 0 24
Vermont 1 0 16
B : T
West Virginia 0 0 15
lllinois 2,019 2,072 1,955
Maine 1 92 193
Delaware 398 600 538
Pennsylvania 116 330 276




lowa 635 851 757
Indiana 1,440 1,973 1,607
Ohio 146 721 230
Maryland 328 1,047 425
Virginia 286 1,018 473
South Carolina 848 1,844 623
North Dakota 974 2,536 947
Kentucky 236 2,234 244
Alabama 389 3,345 615
South Dakota 2,000 5,484 785
North Carolina 1,174 5,091 1,085
Tennessee 348 4,267 372
Louisiana 4,858 10,767 3,747
Sun 286,516 222,625 251,724
Table S2: Comparison of dferent information about irrigated areas in China.
New Irrigation Map [km2] [Zkr::zr]]g etal. | .- [km?]

Xinjiang Uygur' 99,645 30,629 46,291
'Henan' 79,933 51,069 38,626
‘Shandong' 73,327 48,110 44,855
'Hebei' 51,821 44,830 44,750
‘Jiangxi’ 47,970 18,935 34,876
‘Anhui’ 36,251 31,902 23,093
‘Jiangsu' 34,501 38,606 28,422
‘Hunan' 27,129 26,616 25,984
‘Sichuan’ 25,082 23,418 21,407
‘Shaanxi' 24,668 13,123 12,116
'Hubei' 23,879 20,712 20,825
‘Guangdong’ 21,004 14,778 20,423
'Heilongjiang' 20,725 20,327 20,031
Jilin' 18,837 13,119 18,187
‘Gansu' 18,826 9,430 11,531
'Yunnan' 17,246 14,032 13,282
‘Liaoning’ 16,072 14,381 10,663
'Shanxi' 15,860 11,043 10,174
‘Nei Mongol' 15,549 21,062 13,859
‘Guangxi' 15,203 14,707 12,083
'Zhejiang' 14,818 13,421 14,687
'Fujian’ 9,603 9,294 9,382
'‘Guizhou' 7,080 6,550 5,150
‘Chonggqing' 5,972 6,230 4,325




‘Ningxia Hui' 5,473 4,012 4,972
'‘Qinghai’ 4,188 2,114 3,016
"Tianjin' 4,178 3,434 3,219
‘Beijing' 3,401 3,274 3,524
'Xizang' 3,371 1,417 2,899
‘Shanghai' 2,996 2,868 3,083
‘Hainan' 2,732 1,795 1,892
Sum 747,342 535,237 527,631

Table S3: Comparison of dferent information about irrigated areas in India.

New irrigation map | Ambika et al.
[k [k

‘Andaman and Nicobar' 13

‘AndhraPradesh’ 62,676 60,800
‘Arunachal Pradesh’ 167 1,200
‘Assam’ 2,120 11,700
‘Bihar' 65,738 27,100
‘Chandigarh’ 13 10
‘Chhattisgarh’ 14,313 33,400
‘Dadra and Nagar Haveli' 33 50
‘Daman and Diu' 10 0
Delhi 528 200
‘Goa' 279 500
'‘Gujarat' 51,915 44,200
'‘Haryana' 36,671 30,900
‘Himachal Pradesh' 1,937 2,800
‘Jammu and Kashmir' 4,483 3,600
‘Jharkhand' 4,745 14,000
‘Karnataka' 31,535 39,500
‘Kerala' 3,605 5,800
'‘Madhya Pradesh'’ 125,178 56,000
‘Maharashtra’ 55,178 35,900
‘Manipur' 323 600
‘Meghalaya’ 638 1,200
‘Mizoram' 46 700
'‘Nagaland' 282 1,200
‘Odisha’ 18,998 33,700
'Puducherry’ 233 200
‘Punjab’ 47,274 43,800
'Rajasthan’ 72,676 83,400
'Sikkim' 110 300




"Tamil Nadu' 31,998 32,700
Tripura' 705 1,300
‘Uttar Pradesh’ 200,979 142,800
‘Uttarakhand' 5,329 4,800
'‘West Bengal' 36,884 25,700
Sum 877,611 740,060

Table S4: Global comparison of irrigation maps. The values of GRIPC are weighted by an averaged field size factor of
0.83.

_N(_aw _ GMIA FAOSTAT = AQUASTAT

'r::fpam" fgr?]\;\;nscaled) g%‘;egrggiz) %‘;eg;giz) GRIPC [km?] | GIAM [km?]

[km?] [km2] [km2]
Afghanistan 36,043 33,484 32,063 32,080 5,618 10,081
Aland Islands 18 18 0 0
Albania 5,446 3,433 3,457 3,390 3,313 2,238
Algeria 7,309 6,064 5,692 8,997 10,913 1,443
Angola 859 836 845 855 632 233
Argentina 17,907 16,922 18,981 23,570 22,040 93,043
Armenia 2,740 2,705 2,740 2,735 810 1,067
Aruba 0 0 0 0
Australia 36,479 36,045 25,119 24,650 58,062 118,652
Austria 1,068 1,068 1,072 1,014 2 1,165
Azerbaijan 16,175 14,169 14,296 14,257 15,964 8,356
Bahamas 0 0 10 10 83
Bahrain 15 15 40 41 1
Bangladesh 53,291 48,033 48,195 50,500 62,804 52,351
Barbados 9 9 50 54 11
Belarus 822 822 1,166 866 1 841
Belgium 298 298 251 232 4 3,248
Belize 44 44 33 35 63 39
Benin 467 114 178 177 136 152
Bhutan 250 248 285 298 289 10
Bolivia 1,311 1,274 2,618 2,619 2,549 2,141
Bosnia and Herzegovina 180 53 30 30 109 108
Botswana 51 51 16 14 85 54
Brazil 48,828 39,731 44,929 42,930 86,575 41,951
Bulgaria 6,157 5,625 2,530 1,211 4,144 13,018
Burkina Faso 897 228 385 396 15 157
Burma 46,405 21,193 21,208 20,500 32,660 44,530
Burundi 213 213 226 214 78 118




Cambodia 5,466 5,406 3,256 3,189 21,477 7,363
Cameroon 943 266 275 257 666 527
Canada 11,918 11,918 8,421 12,180 4,754 26,583
Cape Verde 23 19 33 35 24 0
Central African Republic 4 0 10 0 12
Chad 1,748 320 291 303 3,692 252
Chile 18,910 18,503 11,042 11,090 13,902 15,149
China 746,284 596,413 615,240 585,695 681,448 1,119,888
Colombia 8,353 8,340 9,662 9,935 5,714 5,462
Congo 20 20 20 516 0
Costa Rica 990 990 1,020 350 126
Cote d'lvoire 639 622 730 695 951
Croatia 419 58 131 138 236 352
Cuba 8,672 8,672 8,700 5,576 7,441 4,869
Cyprus 583 583 445 555 1,189 71
Czech Republic 520 520 375 354 0 5,180
gsnmgo;:ratic Republic of the 124 122 110 1,047 218
Denmark 4,199 4,199 4,425 4,542 2,757 11,647
Djibouti 3 3 10 10 3 9
Dominican Republic 2,871 2,853 2,909 2,881 160 709
Ecuador 8,212 8,008 11,361 11,767 483 2,886
Egypt 37,319 33,451 35,009 35,160 20,667 21,441
El Salvador 492 492 450 452 6 116
Eritrea 232 231 211 21 170
Estonia 0 0 40 9 2 246
Ethiopia 6,623 3,086 2,900 2,896 2,492 1,842
Fiji 24 24 37 35 5 0
Finland 819 819 822 778 0 1,253
France 33,500 29,743 26,438 26,380 12,960 23,996
French Guiana 57 57 56 151 29
French Polynesia 0 0 10 13

Gabon 41 41 40 34 0
Gambia 24 24 29 36 6 399
Georgia 4,299 4,150 4,384 4,328 3,522 1,285
Germany 4,961 4,961 5,516 5,466 502 21,977
Ghana 646 631 322 309 414 606
Greece 19,557 15,636 15,037 13,910 13,213 9,077
Grenada 0 0 10 4 0 0
Guadeloupe 71 71 66 2 19
Guam 0 0 2 0 0
Guatemala 1,361 1,361 2,875 3,248 85 694
Guernsey 0 0 0 0

Guinea 973 906 950 949 553 3,026




GuineaBissau 348 209 249 58 1,080
Guyana 1,316 1,316 1,463 1,430 1,565 963
Haiti 929 929 959 970 572 508
Honduras 774 774 847 888 150 706
Hong Kong 21 21 0 43

Hungary 3,181 3,181 1,847 1,956 493 2,417
Iceland 0 0 0 0

India 879,572 612,289 642,777 642,960 880,684 1,012,349
Indonesia 62,199 61,733 63,594 67,220 30,383 31,729
Iran (Islamic Republic of) 99,493 91,973 86,256 84,985 32,917 26,233
Iraq 36,118 35,407 35,250 15,194 22,200
Ireland 4 4 0 11 0 0
Israel 1,852 1,786 2,199 2,250 2,833 998
Italy 49,632 38,573 39,324 38,593 26,230 28,306
Jamaica 241 241 250 307 30 49
Japan 23,722 23,721 25,563 26,500 12,835 25,251
Jordan 919 898 846 802 1,588 727
Kazakhstan 57,177 26,566 20,161 19,720 42,375 72,277
Kenya 4,040 960 981 1,301 55 854
Kiribati 0 0 0 6

gg;ej;lgzrpocra“@e"p'els 13,991 13,991 14,600 8,573 14,673
Korea, Republic of 7,482 7,482 8,441 8,435 15,000 11,925
Kuwait 105 105 87 86 10 373
Kyrgyzstan 11,277 10,339 10,323 10,220 5,408 7,009
'&Z‘;Egi‘(’:”'e% Democratic 3171 3121 3,024 3,028 7,215 1,056
Latvia 0 0 9 8 0 127
Lebanon 1,090 1,059 1,040 1,040 1,216 247
Lesotho 19 19 30 26 0 57
Liberia 12 12 30 67 2
Libyan Arab Jamahiriya 4,770 4,711 4,700 4,350 3,830 2,307
Lithuania 0 0 55 45 0 573
Luxembourg 0 0 365 0 0 0
Madagascar 11,445 11,445 10,860 10,860 6,123 724
Malawi 498 497 671 643 165 33
Malaysia 3,422 3,422 3,752 3,800 633 2,588
Mali 2,864 2,486 2,993 3,035 468 564
Malta 23 23 27 28 51 0
Martinique 51 51 64 1

Mauritania 469 469 450 450 89 151
Mauritius 190 190 207 212 244 53
Mexico 71,197 68,352 63,636 63,600 63,787 38,547
Mongolia 7,687 759 840 1,924 4,223
Montenegro 71 36 23 24 96 103




Morocco 15,734 15,091 14,439 14,827 23,925 10,451
Mozambique 1,280 1,199 1,174 1,181 601 564
Namibia 86 86 79 76 15 105
Nepal 18,163 11,048 12,201 11,680 16,401 12,520
Netherlands 4,158 4,158 4,434 4,805 141 8,702
New Caledonia 0 0 97 24

New Zealand 5,342 5,197 5,406 5,435 4,658 1,254
Nicaragua 884 883 1,441 1,467 1,010 164
Niger 744 744 816 823 494 41
Nigeria 6,277 3,172 2,907 2,918 14,507 1,979
Norway 1,149 1,149 1,148 1,142 2 21
Oman 1,044 599 593 589 148 179
Pakistan 192,534 165,867 191,007 189,050 130,583 140,362
Palestine 243 242 230 220 1,127 75
Panama 329 329 335 321 3,807 491
Paraguay 605 585 808 1,016 8,665 286
Peru 18,178 17,951 22,721 25,800 1,705 3,560
Philippines 17,470 17,293 14,527 18,790 19,279 15,426
Poland 1,045 1,045 1,039 967 30 3,515
Portugal 8,993 8,361 6,341 6,879 3,406 3,589
Puerto Rico 358 358 219 219 6 120
Qatar 139 137 130 129 3 385
Republic of Moldova 2,915 2,915 2,475 2,677 300 2,941
Reunion 79 79 84 19 7
Romania 21,392 21,235 31,519 13,720 5,426 23,752
Russia 21,651 20,171 44,770 23,750 78,337 138,869
Rwanda 91 91 92 91 50 801
Saint Helena 2 0 0 0

Saint Lucia 35 35 30 30 0 0
San Marino 2 2 0 5 11
Sao Tome and Principe 80 80 100 0 0
Saudi Arabia 15,195 14,050 16,190 16,200 1,931 6,787
Senegal 1,252 1,250 1,170 1,197 827 2,114
Serbia 1,973 1,648 931 920 276 1,719
Seychelles 1 1 3 3 3 1
Sierra Leone 295 295 299 2,489 218
Slovakia 2,211 2,211 1,599 1,547 5 1,099
Slovenia 152 152 60 65 59 4
Somalia 8,304 2,094 2,000 2,000 12 3,725
South Africa 15,266 15,250 15,332 15,840 8,332 8,210
Spain 42,126 36,856 37,674 36,733 34,065 34,217
Sri Lanka 5,398 5,391 5,700 5,700 12,291 9,480
Sudan 19,896 18,851 19,900 18,901 8,686 17,371




Suriname 444 444 549 542 616 198
Swaziland 421 421 499 499 128 198
Sweden 1,607 1,607 1,616 1,535 475 839
Switzerland 552 552 503 580 12 295
Syrian Arab Republic 15,931 15,248 13,418 13,490 15,892 5,670
Taiwan 4,088 4,058 3,795 3,564 4,990
Taijikistan 7,271 6,949 7,301 7,307 5,047 3,832
Thailand 67,449 60,696 61,148 57,005 74,231 66,106
;2‘;:%“22; L”f;ﬂiﬁia 1,887 1,305 1,096 914 1,345 1,608
Timor-Leste 341 341 343 347 47 38
Togo 86 86 70 20 217
Trinidad and Tobago 30 30 64 70 0 19
Tunisia 4,841 4,685 4,230 4,452 3,821 1,001
Turkey 61,036 54,001 51,139 51,615 22,122 17,534
Turkmenistan 33,644 20,162 19,544 19,910 11,483 15,224
Uganda 120 80 120 101 4 300
Ukraine 24,073 24,073 22,327 22,563 11,770 29,956
United Arab Emirates 2,414 2,396 1,863 1,503 M 938
United Kingdom 2,430 2,430 1,899 1,145 233 9,707
gggfgn?aep“b"c of 1,802 1,737 1,795 1,843 567 470
United States 285,447 279,020 | 267,401 267,630 226,636 280,455
Uruguay 2,395 2,395 2,149 2,005 5,400 3,814
Uzbekistan 56,300 38,845 42,082 41,980 36,596 36,015
Venezuela 7,226 7,168 8,843 8,126 6,275 8,949
Viet Nam 47,074 42,847 42,739 45,850 54,965 43,840
Yemen 12,630 8,658 6,221 6,801 1,632 917
Zambia 1,459 1,440 1,513 1,559 20 8
Zimbabwe 1,851 1,846 1,740 1,735 163 47
sum 3,674,478 3,007,038| 3,076,937| 2,962,922 3,141,000 3,983,979
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