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Executive Summary
1.
The Selenge River basin is a transboundary river basin shared between Mongolia and Russia. The
headwaters are located in Mongolia, and the basin drains to Lake Baikal in Russia. The Selenge Basin
covers 447,060 km2 and contributes approximately 50% of the total inflow to Lake Baikal. The Mongolian
portion of the basin covers 299,000 km2 which corresponds to approximately 20% of the area of Mongolia,
yet contributes 52% of the country’s total surface runoff. The analyses were implemented for the
Mongolian portion of the basin. The basin is of great importance in Mongolia as it is home to over 70% of
the population, including the country’s capital city of Ulaanbaatar. The Selenge basin is semi-arid with has
a strong continental climate. The reported mean annual precipitation for the basin varies between 272
and 300 mm/year with reported mean annual evapotranspiration of 241 mm/year. The basin contains the
majority of the country’s cultivated land, covering 3% of the area and the vast pastures in the basin
support the country’s vital animal husbandry activity.
2.
Open-access remote sensing data were used to analyse water resources at two scales in the basin:
the Selenge river basin and the Sugnugur subbasin. The Water Accounting Plus (WA+) framework was
applied at the basin scale for the years 2015-2019 and RS data was acquired over the years 2003-2019 for
the Sugnugur subbasin in order to analyse trends in water availability in the context of a planned irrigation
modernization project in the area (ADB, 2020). Further, a Water Productivity (WP) study was conducted
at the field scale on 2 center pivots of the Plant Science and Agricultural Training and Research Institute.
3.
For the WA+ study at the basin scale, the spatial and temporal analysis revealed that the water
yield (P-ET) is positive, though there are large inter-annual and spatial variations. During the summer
season (May-August), when most agriculture takes place, the increase in ET versus P is observed. Providing
reliable water supply especially during the crop development stages is essential for optimal agricultural
production. At the Sugnugur subbasin level, neither ADB (2020) nor this study found general trends in
precipitation over the past 20 years. Monthly data does however show trends, with decreasing rainfall
observed in May and increasing rainfall in July. A water deficit is observed in the subbasin at the beginning
of the season. This period is essential for crop development and therefore requires (supplemental)
irrigation. The observed long term average flows in the Sugnugur River reported by the Mongolia National
Agency for Meteorology and Environment Monitoring indicate that the available water is sufficient to
support the required irrigation amounts for the proposed modernization (ADB 2020).This was confirmed
by the RS analyses which did not produce the very low flows that were reported by the Mongolia National
Agency for Meteorology and Environment Monitoring for the most recent years 2010-2017 (in ADB, 2020).
However, further investigation on the causes of these low flow observations is recommended.
4.
For the WP study, high spatial variability in water use and biomass production was found over the
two center pivots analysed. From satellite images, it is clear that the center pivots are not evenly cropped
and possibly different crop types are present. During the cropping season about 55-60% of actual ET (ETa)
is from irrigation in both center pivots. The combined mean ETa, AGBP (Above Ground Biomass
Production), and WPB values for CP1 and CP2 were 533 mm/season, 3,611 kg/ha, and 0.67 kg/m3. For the
focus area with a uniform (unidentified) crop, the ETa, AGBP, and WPB values are much higher at 578.9
mm/season, 8,117 kg/ha, and 1.4 kg/m3. Such WP study can be scaled up to a scheme level to understand
the water use and deficit distribution spatially. This approach could be applied to the 17 irrigation schemes
listed in the feasibility study report by ADB. However, these analyses require additional information from
the field on for example crop types and irrigation application.
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I.

Introduction

5.
The ADB is committed under its Water Operational Plan 2011-2020 to undertake expanded and
enhanced analytical work to enable its developing member countries to secure deeper and sharper
understanding of water issues and solutions. IHE Delft, in collaboration with the International Water
Management Institute (IWMI) and the Food and Agriculture Organization of the United Nations (FAO),
will support ADB in achieving this objective.
6.
The activities proposed for the current Technical Assistance (TA) build on the work previously
undertaken by IHE Delft in cooperation with the Asian Development Bank (ADB) to assess crop water
productivity and water resources status in Asia. Through the current TA, IHE Delft and IWMI create (i)
comprehensive, (ii) comprehensible and (iii) accessible information on available water resources and their
current uses in major river basins.
7.
Water accounting (WA) is the process of communicating water resources related information and
the services generated from consumptive use (e.g. evapotranspiration) in a geographical domain, such as
a river basin or a land use class, to users such as policy makers, water authorities, and scheme managers.
WA+ is a specific water accounting framework, designed to provide easily understandable and coherent
water resources related information across different river basins for policy makers, water authorities or
water managers. Remote sensing (RS) based Water Productivity (WP) assessment provides support to
irrigation schemes through the quantification of the harvested crop yield per unit of consumed net water.
RS based assessment of WP is based on actual evapotranspiration (ETa) to estimate net water
consumption. The water accounting and water productivity methodologies are detailed in the “Water
Productivity and Water Accounting: Methodology Manual” report submitted to ADB in the frame of this
TA (Mul et al. 2020).
8.
The current TA provides assistance to projects in 6 countries in Asia, Cambodia, India, Kazakhstan,
Mongolia, Philippines and Sri Lanka. This report presents the work undertaken in Mongolia where both
water accounting and water productivity studies were carried out. A simplified WA+ study was performed
over the Mongolian portion of the Selenge river basin, and further analysis of remote sensing data was
done for the Sugnugur subbasin where an irrigation modernization project is planned. The water
productivity study was performed over two center pivot systems near Khongor, also located in the Selenge
River Basin. The information generated by this study is made available through an online platform develop
developed by FAO.
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II.

Project Background

9.
Although the agricultural sector’s share of Mongolia’s gross domestic product is only 11% 1 it has
a high potential for growth and livelihood opportunities (ADB, 2020). In line with the Government of
Mongolia’s focus to accelerate economic diversification and job creation, agriculture has fast become a
priority for growth (ADB, 2020). With a relatively short cropping season and frequent droughts affecting
the production and farmers’ income, agricultural production is high-risk with frequent yield losses (ADB,
2020). Irrigation systems and water saving technologies can increase farmers’ resilience and increase
income. However, these interventions should not result in any potential adverse environmental impacts.
10.

Two ongoing ADB funded projects address these challenges:
(i)

TA 9440 Implementing Innovative Approaches for Improved Water Governance which aims to
strengthen water governance processes in Mongolia with the Ministry of Environment and
Tourism (MET); and

(ii)

Project Number: 51423-002 Vegetable production and irrigated agriculture project under the
Ministry of Food Agriculture and Light Industries (MOFALI) which aims to increase the
efficiency and marketing of climate-resilient agricultural production.

11.
During the kick off meeting in October 2019, it was agreed that the study would focus on both
WA+ and WP consisting of:
•
•
•

One simplified WA+ study over a larger river basin. It was agreed this would the
Mongolian portion of the Selenge basin
Two field-scale WP studies over experimental fields for which large amounts of in-situ
data is available
Capacity building

12.
After the start of the implementation of the project, a further request came from ADB to focus on
one of the sub-basins, the Sugnugur subbasin, where one of the planned irrigation improvement projects
of the MOFALI project is located. The selection of the field-scale studies were done following a request of
the Plant Science and Agricultural Training and Research Institute, Darkhan-Uul province. This report
presents the final results from the WA+ and WP study.

III.

Study area description

13.
The Selenge River basin covers 447,060 km2 and is a transboundary river basin shared between
Mongolia and Russia. The headwaters are in Mongolia, and the basin drains to Lake Baikal in Russia. The
Selenge Basin contributes approximately 50% of the total inflow to the lake (Zorigt et al., 2019).
14.
The Mongolian portion of the basin covers 299,000 km2 (approx. 20% of the area of Mongolia),
and contributes approximately 52% of the country’s total surface runoff (Zorigt et al., 2019). The basin is
home to over 70% of the country’s population, including the country’s capital city of Ulaanbaatar (Figure

1

Statista 2020 https://www.statista.com/statistics/727627/share-of-economic-sectors-in-the-gdp-inmongolia/#:~:text=In%202019%2C%20the%20share%20of,sector%20contributed%20about%2039.03%20perce
nt.
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1). In this report will be referring to the Mongolian portion of the basin when we mention the Selenge
river basin as shown in Figure 1.

Figure 1: Location of the Selenge River Basin and the location of the center pivots (red triangle)

16.
The Selenge basin is semi-arid with has a strong continental climate. The reported mean annual
precipitation for the basin varies between 272 and 300 mm/year (Zorigt et al., 2019 and Ma et al., 2003
respectively) with reported mean annual evapotranspiration of 241 mm/year (Ma et al., 2003).
17.
The dominant land covers in the basin are grasslands, which are used as pasture, and forests (see
section III A 2.1). Many pastures in Mongolia are under stress due to the increasing pressure from
livestock. The basin contains the majority of the country’s cultivated land, covering 3% of the area.
18.
The long-term average discharge of the Selenge River at the Mongolian-Russian border (measured
at the town of Naushki) is reported to be 11.5 km3/year or 365 m3/s. The discharge patterns show both
strong seasonal and inter-annual variability. Between 1936 and 1997 the maximum and minimum yearly
average discharge were 182 and 792 m3/s respectively (based on data obtained from
http://rims.unh.edu/data/station/station.cgi?station=6410).
19.
Large basins with many remote and sparsely populated areas such as the Selenge are difficult to
monitor with in situ stations. Water Accounting Plus relies on remote sensing data to provide an
assessment of the water resources and evaporative consumption in a basin, and can provide a baseline
to track evolutions in the available and consumed water. This is particularly important in the context of
increasing water demand in parts of the Selenge due to economic development and population growth
(Ma et al., 2003; Zorigt et al., 2019). The Selenge river basin is also in one of the most rapidly warming
areas of the planet and this has already affected Mongolia’s ecosystems (Zorigt et al., 2019). It is important
to monitor the changes in the processes driving the productivity of the vast pastures which support
Mongolia’s vital animal husbandry activity.
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IV.

Water Accounting
A. Methodology

20.
The longer-term planning process of water and environmental resources in river basins requires
a measurement – reporting – monitoring system in place. The Water Accounting Plus (WA+) framework
is based on the early WA work of Molden (1997) focusing on agriculture and irrigation systems. WA+ was
further developed by Karimi et al. (2013) for river basin analyses and incorporating of all water use sectors.
Further developments include more hydrological and water management processes and focus on specific
land uses. The water accounting group at IHE Delft has applied WA+ in over 40 river basins, while
continuously refining the methodology. The most recent application of the WA+ methodology was
implemented for the Litani river basin in Lebanon (FAO and IHE Delft, 2019).
21.
A key element of WA+ is that it includes the hydrology of natural watersheds that provide the
main source of water in streams and aquifers, as well as the quantification of water consumption. WA+
separates evapotranspiration (ET) into green (ETgreen, also called rainfall ET) and blue ET (ETblue, sometimes
called incremental ET), thereby clearly identifying managed water flows.
22.
The water accounting framework distinguishes between a vertical and horizontal water balance.
A vertical water balance is made for the unsaturated root zone of every pixel and describes the exchanges
between land and atmosphere (i.e. precipitation and evapotranspiration) as well as the partitioning into
infiltration and surface runoff. Percolation and water supply are also computed for every pixel, to facilitate
attributing water supply and consumption to each land use class. As this study is focused on rapid water
accounting, only the separation of ETgreen and ETblue is of interest.
23.
The vertical water balance model used calculates the vertical soil water balance for each pixel
(See Figure 2 and described below). ETgreen and ETblue are separated by keeping track of the soil moisture
balance and determining whether ET can be satisfied through direct precipitation and precipitation stored
as soil moisture alone or if an additional water source (supply) is required. Each parameter is calculated
on a monthly time-step and at the spatial resolution of 500m, which was chosen for this study based on
the resolution of the ET product.

Figure 2: Main schematization of the flows and fluxes in the model

1.

Step 1 Interception Computation

24.
In order to calculate the effective rainfall, i.e. the rainfall actually reaching the land surface,
interception must be calculated. Interception was estimated using the formula proposed by Von
Hoyningen-Hüne (1983) and Braden (1985) as described in Kroes et al. (2009):
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𝐼𝐼𝑡𝑡 = (1 −

1
) ⋅ 𝐿𝐿𝐿𝐿𝐼𝐼𝑡𝑡 ⋅ 𝑟𝑟𝑑𝑑𝑡𝑡
𝑃𝑃𝑡𝑡
1
1+
⋅ (1 − 𝑒𝑒𝑒𝑒𝑒𝑒−0.5⋅𝐿𝐿𝐿𝐿𝐼𝐼𝑡𝑡 ) ⋅ 𝐿𝐿𝐿𝐿𝐼𝐼
𝑟𝑟𝑑𝑑𝑡𝑡
𝑡𝑡

Eq.1

25.
Where I is the interception, P is the precipitation, rd is the number of rainy days in the month, and
LAI is the Leaf Area Index.

2.

Step 2 Soil Moisture Computation

26.
The soil moisture available for evaporative use (Sgreen av,t) is computed as the soil moisture storage
at the end of the previous timestep (St-1) plus the effective precipitation (P-I) minus recharge (Rgreen) and
surface runoff (Qs) (eq 2):
Eq.2

𝑆𝑆𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑎𝑎𝑎𝑎,𝑡𝑡 = 𝑆𝑆𝑡𝑡−1 + 𝑃𝑃 − 𝐼𝐼 − 𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 − 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

27.
Where the surface runoff (Qsro,green) is calculated using an adjusted version of the Soil Conservation
Service runoff method. The adjusted version replaces the classical Curve Numbers by a dynamic soil
moisture deficit term that better reflects the dry and wet season infiltration versus runoff behaviour (see
Schaake et al., 1996; Choudhury and DiGirolamo, 1998). As the Curve Number method is developed for
event based runoff, we calculated Qsro,green on daily basis, dividing the effective precipitation by the
number of rainy days (n) and a calibration parameter 𝑓𝑓 to account for the soil moisture variation due to
drying up and filling with in a month. The total surface runoff for a month is then multiplied by n:
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = {0 𝑖𝑖𝑖𝑖 𝑃𝑃 = 0, 𝑃𝑃−𝐼𝐼
𝑛𝑛

�

𝑃𝑃−𝐼𝐼 2
�
𝑛𝑛

+𝑓𝑓(𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠 −𝑆𝑆𝑡𝑡−1 )

Eq.3

∗ 𝑛𝑛 𝑖𝑖𝑖𝑖 𝑃𝑃 ≠ 0 }

28.
Where the saturated soil moisture (𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠 ) is calculated by multiplying the Saturated Water Content
(𝜃𝜃𝑆𝑆𝑆𝑆𝑆𝑆 ) by the effective root depth (RD) for each land cover class estimated based on the effective root
depth by Yang et al. (2016) (Table 1).
Table 1: Root depth look-up table. The values of root depth for each land cover class is based on study by Yang et al. (2016)

CGLS Land cover class

Root depth (mm)

Shrubland
Grassland
Cropland, rainfed
Cropland, irrigated or under water management
Fallow cropland
Built-up
Bare/sparse vegetation
Permanent snow/ice
Water bodies
Temporary water bodies
Shrub or herbaceous cover, flooded
Tree cover: closed, evergreen needle-leaved
Tree cover: closed, evergreen broad-leaved
Tree cover: closed, deciduous broad-leaved
Tree cover: closed, mixed type

6

370
510
550
550
550
370
370
0
0
0
0
1,800
3,140
1,070
2,000

Tree cover: closed, unknown type
Tree cover: open, evergreen needle-leaved
Tree cover: open, evergreen broad-leaved
Tree cover: open, deciduous needle-leaved
Tree cover: open, deciduous broad-leaved
Tree cover: open, mixed type
Tree cover: open, unknown type
Seawater

2,000
1,800
3,140
1,070
1,070
2,000
2,000
0

29.
The percolation, Rgreen is calculated as a function of soil moisture and a percolation calibration
parameter fperc:

3.

𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑆𝑆𝑡𝑡−1 ∗ exp �−

𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
�
𝑆𝑆𝑡𝑡−1

Eq.4

Step 3 Separate ETa into ETgreen and ETblue and update S

30.
To compute the green and blue components of ET, ETa is subtracted from Srain, t. When Sgreen, t is
insufficient for ETa, the difference will be supplied by surface or groundwater uptake. The ETgreen becomes
the amount which can be supplied by the soil moisture, whereas the difference will become blue ET:

𝐸𝐸𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = �𝑆𝑆𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑎𝑎𝑎𝑎 > 𝐸𝐸𝐸𝐸𝑎𝑎 , 𝐸𝐸𝐸𝐸𝑎𝑎 , 𝑆𝑆𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑎𝑎𝑎𝑎 �
31.

4.

𝐸𝐸𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐸𝐸𝐸𝐸𝑎𝑎 − 𝐸𝐸𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

Eq.5
Eq.6

The new soil moisture storage then becomes:

𝑆𝑆𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡 = 𝑆𝑆𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑎𝑎𝑎𝑎 − 𝐸𝐸𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

Eq.7

Step 4 Estimation of Water Supply

32.
There is still the need to estimate water supply and return flows in order to update the total soil
moisture to insert into Eq. 2 at the following timestep. The amount of water supplied to each pixel is
estimated as a function of ETblue and the so-called consumed fraction (fc).
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑓𝑓(𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 , 𝐿𝐿𝐿𝐿) =

𝐸𝐸𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑓𝑓𝑐𝑐

Eq.8

33.
fc is dependent on the land use class and was suggested to replace the classical irrigation
efficiencies (Molden, 1997). The consumed fractions applied in this study are specified in Table 2.
Table 2: Consumed fraction per land use class

Land use class

Consumed fraction (fc)

Natural land use classes
Rainfed crops
Irrigated crops

1.00
1.00
0.80
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5.

Step 5 Estimating final soil moisture

34.

Soil moisture at the end of the timestep will be:

𝑆𝑆𝑡𝑡 = 𝑆𝑆𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡 + 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐸𝐸𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

Eq.9

35.
Where Rblue and Qsro,blue are the return flows (percolation and runoff) due to supply which occur if
the sum of the rainfall soil moisture and the supply minus ETblue exceeds the maximum soil moisture, Ssat.
The excess soil moisture is then split between percolation and runoff according to the same ratio as the
rainfall percolation and runoff calculated in equations 3 and 4.

B. Description of main datasets
36.
One major constraint of using remote sensing data for the Selenge river basin is related to its
location (above 50oN latitude). For precipitation only the NASA/JAXA Global precipitation
measurement (GPM) mission is available on a 0.1° grid over the 60° N-S domain (Huffman et al., 2019).
For evapotranspiration, the most suitable product is operational Simplified Surface Energy Balance
(SSEBop) model (Senay et al., 2013). The main inputs into the model are provided in Table 3. The analysis
was run starting in 2015 which corresponds to the first full year of GPM data.
Variable

Parameter

Precipitation
Actual Evapotranspiration
Leaf Area Index
Land cover map
Saturated Water Content

P
ETa
LAI
LULC

1.

𝜃𝜃𝑆𝑆𝑆𝑆𝑆𝑆

Table 3: Inputs to the model

Source

Spatial Resolution

GPM
SSEBop
MODIS
CGLS
HiHydroSoil

5,000 m
500 m
250 m
100 m
0.008333 degree
(about 900m at the equator)

Temporal
resolution
Daily
Monthly
8-daily
Static (2015)
Static

Land Use Land Cover

37.
In the absence of a local Land use land cover (LULC) map, global land use maps from three sources
were obtained and analyzed:
●
●
●

GlobCover from ESA and UCLouvain (2010, http://due.esrin.esa.int/page_globcover.php).
Available for the periods Dec 2004 - Jun 2006 and Jan - Dec 2009 at 10 arc-seconds (approx. 300m)
resolution.
MCD12Q1 Land Cover product from MODIS. 5 classifications available yearly (2001-2018) at 500m
resolution (Friedl and Sulla-Menashe, 2019).
Copernicus Global Land Service (CGLS) Global Land cover map (Buchhorn et al., 2019). Available
for 2015 at 100m resolution.

38.
The identification of croplands is of particular interest for WA+ studies and was therefore chosen
as the criteria to choose between the available datasets. We used the study by Mun et al. (2008) to
evaluate the different products. This study shows for 2005 that 55% of the Selenge river basin was
agricultural land, of which 92.4% were used as pasture, 2.6% for hay, 3.4% for crops and 1.6% abandoned.
This gives a cropped area between 1.9 and 4.2% of the total area in 2005, and these numbers were used
as a check on the order of magnitude for cropped areas obtained from the globally available maps.
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39.
Of the MODIS classifications, two (classifications 3 and 4) do not make a distinction between grass
and cereal crop and were therefore eliminated. The remaining three MODIS classifications only identified
cropland over 0.02% of the total basin area and the product was therefore found to underestimate the
cropped area and not considered suitable for the study.
40.
GlobCover, on the other hand, has three classes containing cropland (Table 4). GlobCover
estimated the total cropped area between 17.8 and 24.5% of the total area, which is significantly higher
than the reported figures by Mun et al. (2008).
Table 4: GlobCover crop classes and coverage

GlobCover Classification
Rainfed croplands
Mosaic cropland (50-70%) / vegetation (20-50%)
Mosaic vegetation (50-70%) / cropland (20-50%)
Total cropped area

% of total area
9.82
9.77
15.72

Estimated cropped
area % of total area
9.82
4.90 - 6.84
3.14 – 7.86
17.86 - 24.52

41.
The CGLS map identified 2.84% of the total area of the basin as cropland, which is in the order of
magnitude as Mun et al. (2008). The spatial distribution of the cropland areas from CGLS is shown in Figure
3, spot inspection of the CGLS map using GIS software and optical satellite imagery from Google Earth
showed the identified cropland roughly matched areas which could be visually interpreted as cropland
(see examples in Figure 3, insets 1 and 2). This was done for 10 polygons throughout the basin. It was
therefore decided to use the CGLS map for this study.

Figure 3: Crop area from CGLS classification overlaid on Google Earth satellite imagery.

42.
The CGLS map has a 100m resolution and is available for the year 2015. For computational
purposes, and because of the coarser resolution of the other major input datasets to the water accounts
9

(SSEBop at 1 km resolution for ET, and GPM at resolution of approx. 11 km for Precipitation) the LULC
map was resampled to a 500 m resolution. The resampled land cover map is shown in Figure 4.

Figure 4: Land cover map from CGLS

43.
The majority of the area in the Selenge River Basin is covered by herbaceous vegetation (69%)
followed by different types of forest which add up to 27% of the total area. Only a small portion is
dedicated to agriculture with cropland covering only approximately 3% of the total area.

Figure 5: Land cover types covering more than 2% of the total area

44.
WA+ uses 4 land use management classes for reporting: Protected Land Use (PLU), Utilized Land
Use (ULU), Modified Land Use (MLU) and Managed Water Use (MWU). The description of these classes is
the following (Karimi et al., 2013):
●
●
●

Protected Land Use (PLU); areas that have a special nature status and are protected by National
Governments or Internationals NGOs
Utilized Land Use (ULU); areas that have a light utilization with a minimum anthropogenic
influence. The water flow is essentially natural
Modified Land Use (MLU); areas where the land use has been modified. Water is not diverted but
land use affects all unsaturated zone physical process such as infiltration, storage, percolation and
water uptake by roots; this affects the vertical soil water balance
10

●

Managed Water Use (MWU); areas where water flows are regulated by humans via irrigation
canals, pumps, hydraulic structures, utilities, drainage systems, ponds etc.

45.
To convert the CGLS land cover map into these land use management classes additional
information was used. The global map of the World Database on Protected Areas (WDPA et al., 2020) was
consulted to identify protected areas. The areas which are designated as IUCN categories Ia (strict nature
reserve), Ib (wilderness area) and II (national park) were therefore reclassified as PLU.
46.
Table 5 shows the conversion used to generate the final WA+ land use map based on the CGLS
classes and on whether or not any given pixel fell within a WDPA identified area. Some areas required
special decisions as described below:
●
●
●

For built up and cropland areas which fell in the protected areas, it was decided to classify them
as non-protected after spot checks confirmed the presence of urban areas and cropland as
identified by the CGLS map
The CGLS unknown type of forests were attributed to the most comment type of forest observed
All cropland was classified as rainfed (Modified Land Use) as only a fraction (<10%) of cropland is
irrigated (FAO Aquastat, 2011).
Table 5: CGLS to WA+ LULC Management Class conversion

WA+ Management Class

CGLS Class

47.

If Protected

If Not Protected

20 - shrubs

1 – PLU

2 - ULU

30 - herbaceous vegetation

1 – PLU

2 - ULU

40 - cropland

3 - MLU

50 - build-up

3 - MWU

60 - bare/sparse vegetation

1 – PLU

2 - ULU

70 - permanent snow & ice

1 – PLU

2 - ULU

80 - Water / permanent inland water

1 – PLU

2 - ULU

90 - herbaceous wetland

1 – PLU

2 - ULU

100 - moss & lichen

1 – PLU

2 - ULU

111 to 126 - forest, all types

1 – PLU

2 - ULU

The reclassified map and land use distribution are shown in Figure 6.
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Figure 6: Management classes in the Selenge River basin

2.

Precipitation

48.
Daily and monthly precipitation data from the GPM Mission have been collected for the period
2015-2019 (2015 is the first complete year of data availability from GPM). GPM data was chosen because
it is the only precipitation product providing coverage above 50°N. The data has a spatial resolution of
0.1° (approximately 11km). The product used is the GPM IMERG Final Precipitation L3 1 month 0.1 degree
x 0.1 degree V06 (Huffman et al., 2019).
49.
Over the period 2015-2019, average yearly precipitation over the Selenge river basin is 333
mm/year. The spatial variability of precipitation in the basin is high ranging from 143 to 759 mm/year.
The spatial distribution of the mean annual precipitation is shown in Figure 7.
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Figure 7: Mean annual precipitation over 2015-2019. Data source: GPM.

50.
Figure 8 shows the monthly and inter-annual variability of precipitation over the Selenge river
basin.

Figure 8: Mean monthly and yearly P for 2015-2019

3.

Evapotranspiration

51.
Monthly actual evapotranspiration data from SSEBop (Senay et al., 2013) was collected for the
period 2015-2019. SSEBop data has a spatial resolution of 1km. The mean annual evapotranspiration for
2015-2019 was 249 mm/year. The spatial distribution of the mean annual evapotranspiration is shown in
Figure 9.

Figure 9: Mean annual evapotranspiration over 2015-2019. Data source: SSEBop.
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52.
Figure 10 shows the monthly and inter-annual variability of evapotranspiration over the Selenge
river basin.

Figure 10: Mean monthly and yearly ET for 2015-2019

4.

Total Water Storage Change

53.
The Gravity Recovery and Climate Experiment (GRACE) and its Follow On (GRACE-FO) measure
changes in the Earth’s gravity field and provides monthly estimates of the Total Water Storage Anomaly
(TWSA) relative to the long term mean (see e.g. Ramillien et al., 2008).
54.
There are several GRACE solutions for estimating TWSA from gravity anomalies produced at
different data centers: the Jet Propulsion Laboratory (JPL), Center for Space Research at University of
Texas, Austin (CSR) and the Geoforschungs Zentrum Potsdam (GFZ). It is recommended to use the
ensemble mean to reduce the noise in the gravity field solutions (Sakumura et al., 2014). Figure 11 shows
the TWSA estimates from the three different solutions over the Selenge River Basin, the grey area in Figure
11 is the time period without data between the end of the GRACE mission data and the beginning of the
GRACE-FO mission data.

Figure 11: Spread of the TWSA estimated form the different GRACE solutions

55.
From this data is it possible to extract the total water storage change, ΔS. For each month, ΔS is
estimated using a central difference scheme as recommended by Biancamaria et al. (2019).

5.

In situ discharge data

56.
Monthly discharge data covering the time period 1936-1997 was obtained from the ArcticRIMS
website (http://rims.unh.edu/data/station/station.cgi?station=6410) for the discharge station Naushki located
on the Selenge River on the Russian side of the Mongolia-Russia border. There are 2 long gaps in the
dataset: from 1945 to 1958 and from 1960 to 1973 and shorter gap in 1975. The available data is shown
in Figure 12.
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Figure 12: Monthly average discharge time-series at Naushki

Figure 13: Inter-annual and monthly variability of discharge measured at Naushki

C. Results – Selenge river basin
1.

Basic Water Balance from Remote Sensing

57.
Assuming no subsurface runoff out a river basin, the water balance equation for a hydrological
basin is the following:
𝑃𝑃 − 𝐸𝐸𝐸𝐸 = 𝑄𝑄 + ∆𝑆𝑆

Eq.6

58.
Where P is precipitation, ET is evapotranspiration, Q in discharge and ΔS total change in water
storage in the basin (i.e. the sum of water storage changes in surface water, soil moisture, snow, ice,
permafrost and ground water). The basic water balance was estimated using the selected remote sensing
data for the period 2015-2019:
● Precipitation: GPM
● Evapotranspiration: SSEBop
● Total water storage change: GRACE 2002- mid 2017 & GRACE FO mid 2018 – present
59.
In situ discharge covering the time period 1936-1997 was available for the discharge station
Naushki located on the Selenge River on the Russian side of the Mongolia-Russia border. In order to
perform a basic water balance analysis, the basin draining to Naushki had to be delineated. This was done
using the HydroSHEDS Digital Elevation Map (DEM) and information on Mongolian drainage basins. The
area draining to Naushki station is shown in Figure 14.
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Figure 14: Mongolian portion of the Selenge and area draining to Naushki gauge station

60.
Figure 15 shows the water balance for the Naushki drainage area computed over calendar years
2015 to 2019. The black line shows the discharge as estimated through the water balance. The vertical
bars show the spread of the solution using the individual GRACE solutions rather than the mean.

Figure 15: Water balance components for Selenge River basin at Naushki

61.
Note that there is no storage change data available from mid-2017 when GRACE stopped
functioning to mid-2018 when GRACE-FO took over. For the years 2017 and 2018, Figure 15 therefore
shows the outcome using the assumption of assumption of ΔS = 0. For reference, during the years where
GRACE data is available, including ΔS accounted for between 10 and 22% of discharge as shown in Table
6.
Table 6: Impact of inclusion of GRACE storage change on computed discharge

Year

2015
2016
2019

P – ET
[m3/s]
294
1,073
843

P – ET – ΔS
[m3/s]
259
840
968
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Change
-11%
-22%
+10%

62.
Figure 15 shows that relative to historical data, the discharge calculated for 2015 to 2017 are
within or near the range of historical values. In 2018 and 2019 however, the discharge exceeds the
maximum recorded discharge. This could be due to errors in the input datasets, to the lack of storage
change data (for 2018), or could reflect the reality on the ground as in both 2018 and 2019 flooding
occurred in Mongolia. Additional in situ data to validate input datasets (in particular precipitation) or more
recent discharge data either at the outlet or throughout the basin would allow for further interpretation
of the data.

2.

Water generation and consumption

63.
Water yield, which is defined as precipitation minus evaporation, can give a quick measure of
water availability in a basin. Areas or land cover classes with a positive water yield (P > ETa) are considered
water generating areas while the others are net consumers of water.
64.
The Selenge as a whole has an average yearly water yield of 85 mm/year. However, there are
spatial variations as shown in the yearly maps and mean annual map of water yields (Figure 16 and Figure
17), with mean values varying from -484 mm/year to 340 mm/year.

Figure 16: Yearly Water Yield
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Figure 17: Mean Annual Water Yield

65.
During the period of study, 2015 is the year with the lowest water yield (27 mm/year) while 2018
is the year with the highest water yield (133 mm/year). Figure 18 shows that for both years the annual
water yield is negative in the eastern part of the basin. The western part of the basin has a negative water
yield only in the drier year (2015), while the water yield in the Khanuie, Orhkon-Tamir, Kharaa-Sharin and
Tuul sub-basins remains positive in both years.

Figure 18: Yearly Water Yield - 2015 and 2018 with sub-basin outlines

66.
Water yield are varies significantly between different months. Figure 19 and Figure 20 show the
water yield over the summer months (June, July and August) of 2015 and 2018. In June, the temperatures
have already started increasing while the rains are still limited leading to negative water yields, in
particular in 2015. As the July and August rains arrive, the water yields become positive in most of the
basin. However, in the drier year many areas continue to show a negative water yield. If cropping occurs
in the areas where water yield is negative during the growing season, this suggests the use or need for
irrigation.

Figure 19: Water Yield - Summer 2015

Figure 20: Water Yield - Summer 2018
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67.
Table 7 shows the water yield for the different land use classes present in the basin. Overall, the
water yield is positive, with most of the water generated within the large areas covered by herbaceous
vegetation. Dense or closed forests, on the other hand, are shown to be net water consumers: they
consume water generated in other areas thanks to their deep roots.
Table 7: Water yield per land use

Land Use Type
herbaceous vegetation
cropland
build-up
bare/sparse vegetation
permanent snow & ice
water/permanent
inland water bodies
herbaceous wetland
closed forest, needleleaved, evergreen
closed forest, needleleaved, deciduous
closed forest,
broadleaved,
deciduous
closed forest, mixed
type
closed forest, unknown
type
open forest, needleleaved, deciduous
open forest,
broadleaved,
deciduous
open forest, unknown
type

3.

P
mm/year
321
349
326
328
384

P
km3/year
69.48
2.96
0.05
0.09
<.01

ETa
mm/year
202
140
178
214
160

ETa
km3/year
43.82
1.19
0.03
0.06
<.01

P-ETa
mm/year
118
210
148
114
224

Area
km2
216,656
8,486
150
281
0

Area
%
71.69
2.81
0.05
0.09
<.01

368
337

1.20
0.01

423
258

1.37
<.01

-55
79

3,248
18

1.07
0.01

355

1.40

513

2.02

-158

3,932

1.30

365

21.37

384

22.54

-19

58,569

19.38

376

0.43

388

0.45

-12

1,151

0.38

363

<.01

526

0.01

-163

13

<.01

376

2.79

376

2.81

-1

7,437

2.46

374

0.01

309

0.01

64

23

0.01

402

<.01

360

<.01

42

2

<.01

390

0.87

378

0.85

12

2,230

0.74

Rapid Water Accounts for the Selenge River basin

68.
In this study, Sheet 1 of the WA+ framework was produced for years 2015 to 2019 for the
Mongolian portion of the Selenge river basin (see Figure 21). Sheet 1 provides an overview of the water
resource and utilization in the basin per land use management category.
69.
Figure 21 shows the average WA+ Sheet 1 for 2015-2019, the sheets for the individual years can
be found in Annex 1 – Sheet 1 for years 2015-2019. Out of the 99.3 km3/year the basin receives through
precipitation, 74 km3/year is being consumed through evapotranspiration (74.5% of the total
precipitation), and 24.3 km3/year leaves the basin as runoff.
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Figure 21: Sheet 1 for 2015-2019

70.
Managed water use in both green and blue ET shows up as 0.0 in Figure 21 for two reasons. First
of all as seen in Figure 6, the Managed Water Use class only covers a very small area in the basin (0.05%).
Secondly, the water use shown here relates to water depleted through ET. The consequences of
residential water use or water used for example in mining will therefore not appear in Sheet 1.
71.
Figure 21 shows that on the basin scale, the Selenge has sufficient water resources as can be seen
with the large amount of non-consumed flow, with large fluctuations between years with the average
value presented in Figure 21 being 24.3 km3/year while the minimum and maximum values over the study
period are 6.8 and 39.8 km3/year respectively. However, focusing on sub-basins in the more heavily
exploited or populated areas (e.g. the Tuul river basin) may yield a different picture. It should also be
noted that a portion of the non-consumed water is likely to be polluted as the Tuul and Kharaa subbasins
in particular are home to the largest population centres of Mongolia as well as a significant portion of the
industrial and mining activities (Pfeiffer et al., 2015). High pollutant loads have for example been observed
in the Tuul River downstream of Ulaanbaatar due to untreated wastewater (Kasimov et al., 2017) as well
as gold mining (Chalov et al., 2015). The Boroo River (tributary of the Kharaa) and the Khangal River
(tributary of the Orkhon) have also been found to be polluted downstream of copper-molybdenum mines
(Chalov et al., 2015).
72.
The basin scale resource is also visible in the storage change component, ΔS, which is -1 km3/year
on average (Figure 21) and varies between -7.7 and +4.1 km3/year (Annex 1 – Sheet 1 for years 2015-2019.
Positive values indicate and emptying of storage in the basin while negative values indicate a
replenishment. In the case of the Selenge river basin, the values are small compared to the other
quantities (on average 1% of the precipitation input) and no strong trends are observed, indicating
sufficient water resources and no basin-wide over exploitation of resources.
73.
Figure 22 shows the split of ET in its blue and green components. In the development of the
landuse map (see section III.B.2.1) we made the choice to classify all crops as rainfed due to lack of

20

information. The relatively low percentage of ETblue for the Modified Land Use category, 0.1 km3/year for
ETblue vs. 1.1 km3/year for ETgreen (Figure 21), suggests that the majority of the cropland is indeed rainfed.
74.
ETblue can originate from multiple sources other than irrigation. These quantities can be seen in
the Protected, Utilized and Modified Land Use classes sections of the incremental ET in Figure 21 (blue
portion of Landscape ET). In the case of the Selenge, there is a large lake (Khovsgol) in the protected area
which would produce significant ETblue (which for open water such as a lake is equivalent to Eblue as
transpiration and interception will not occur). Another source of ETblue are trees which are able to use
groundwater thanks to their deep roots. The portion of snowmelt which contributes to ET will is also
defined as blue, as it does not results from the current month’s precipitation but from water which was
previously in snow storage.

Figure 22: ETa split into green and blue ET per WA+ management class

D. Results - Sugnugur subbasin and planned irrigation scheme rehabilitation
1.

Area description and climate

75.
The Sugnugur subbasin is located in the headwaters of the Kharaa-Shariin Gol subbasin (see Figure
23). It covers approximately 500 km2 and has an average annual precipitation of 330 mm/year (GPM data,
2001-2019) and an annual average ET of 422 mm/year (SSEBop data, 2003-2019) (see Figure 24).
76.
One of the 17 locations for proposed irrigation rehabilitation projects is located in the
downstream portion of the subbasin (ADB, 2020). The irrigation scheme was initially developed in 1976
for an area of 2,684.5 ha and was later abandoned. The planned rehabilitation is for an area of 140 ha,
and the main irrigation season runs from May to August (ADB, 2020).
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Figure 23: Location of the Sugnugur subbasin

Figure 24: Annual precipitation and ET over the Sugnugur subbasin

2.

Precipitation trends

77.
Precipitation data from the National Agency for Meteorology and Environment Monitoring
covering 20 years (1999-2018) was used in the ADB Feasibility Study Report (2020). This dataset shows a
decrease in precipitation at the irrigation scheme location over the time period observed. This decrease
was however not observed in the remote sensing data, neither at the basin or the command area scale
(see Table 8). The absolute values from remote sensing are expected to differ from the observed data, in
part due to the fact that the in situ data measures precipitation at one point location while the remote
sensing provides spatially distributed values. Remote sensing of precipitation is also more challenging in
areas with the steep slopes and snow cover (Massari and Maggioni, 2020). However, the temporal trends
in the remote sensing data are expected to reflect conditions on the ground.
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Table 8: Precipitation from Meteorological station (ADB, 2020) and Precipitation from GPM.

Precipitation Command area
1999-2018 (source ADB, 2020)
Average
[mm]
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

2.4
2.4
2.8
6.4
21.6
36.3
56.6
70.8
25.3
7.5
4.0
4.1

Total

240.2

** assuming

Change
1999-2018
[mm]

Trend
[mm/year]

- 31/-25*
0
+ 15
-9

-25/-19

Precipitation - basin
2001-2019 (source
GPM)
Average
Trend
[mm]
[mm/year]

-1.55/-1.25
0
+0.75
-0.45

3.6
2.2
7.1
11.4
35.8
56.5
82.7
74.1
28.6
12.5
10.4
4.9

-1.25/-1

329.9

Precipitation – command
area 2001-2019 (source
GPM)
Average
Trend
[mm]
[mm/year]

-1.90
-0.10
+2.99
+2.43

3.5
2.1
7.1
10.2
35.1
54.7
78.1
73.1
28.6
10.9
10.2
5.0

-1.91
+0.07
+2.85
+2.73

+3.42*

318.5

+3.60**

ADB, 2020 reports two different numbers, both are provided here
no change observed in other months (based on ADB, 2020 – the same rule was applied to the RS data to make the
results comparable)
*

78.
Analyzing monthly trends during the irrigation season, the remote sensing data shows an increase
in precipitation in the months of July and August and a decrease over the month of May while the month
of June remains relatively stable (Table 8 and Figure 25). Similar trends have been described in ADB (2020)
for May and June. However, while July also shows an increase it is much less pronounced (+0.75 mm/year
versus +2.85 mm/year), and while the in situ data shows a precipitation decrease in the month of August,
the GPM data shows an increase in precipitation (+2.73 mm/year).

Figure 25: Evolution of monthly precipitation during the growing season

3.

Water Yield (P-ET) and in situ discharge

79.
Over the growing months, the water yield over the subbasin is most frequently negative over the
period of the study (see Figure 26), with higher water yields observed in July and August.
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Figure 26: Average monthly P, ET and Water Yield over the growing season (2003-2019)

80.
Figure 27 shows an increase in water yield at the basin scale over the summer months for the
period 2003-2019. A high inter-annual variability is also observed with average water yields over the
growing season varying between a minimum of -48 and a maximum of +59 mm/month for the years 2004
and 2019 respectively.

Figure 27: Water yield for summer months over the period 2003-2019

81.
Data from the National Agency for Meteorology and Environment Monitoring reported in ADB
(2020), shows very low flows for the years 2010-2017 at Sugnugur, far below the mean average flows: the
values reported over the years 2010-2017 are less than 15% of the mean average flows (see Figure 28 and
ADB, 2020).
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Figure 28: Discharge for April/May, June/July and August/September (figure from ADB, 2020)

82.
While the Sugnugur subbasin is too small to be able to reliably use GRACE data to estimate storage
change variations and therefore perform a full water balance analysis, no evidence of such a steep
decrease can be seen from the remote sensing data for P and ET as shown in Figure 28. The conclusions
presented in the ADB Feasibility Study Report (2020) are based on the average long-term flows observed
at Sugnugur rather than the very low flows observed post-2010. As the remote sensing data presented
here does not show evidence of such low flows, it is likely that they should indeed not be taken into
account in the irrigation feasibility study. We do however recommend investigating the origin of the
reported low flows, in particular as any upstream diversion causing a flow reductions would not
necessarily be reflected in the remote sensing data.
83.
The command area itself is very small relative to the spatial resolution of the remote sensing data
as shown in Figure 29 (the approximate outline of the command area was drawn based on maps from
ADB (2020) and Google Earth satellite data). It was therefore decided not to use remote sensing in the
area in order to estimate absolute irrigation needs. Calculation of water yields indicate that the month of
June would likely require the highest amount of water supply from irrigation, followed by the month of
July (see Figure 30).

Figure 29: Location of the command area and size relative to remote sensing data spatial resolution.
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Figure 30: Average monthly P, ET water yield over the Sugnugur irrigation scheme for the growing season (2003-2019).

4.

Recommendations

84.
The main observation regarding Sugnugur, is that the drop in discharge reported in ADB (2020) is
not supported by the remote sensing data. We therefore strongly recommend investigating the in situ
data and gauge, to identify potential causes for this suspicious drop. If, after careful analysis, the gauged
discharge data is indeed found to reflect the reality on the ground, the proposed solution of storage to
mitigate dry periods (ADB, 2020) would not address the issue posed by the multi-year drop in discharge
observed in the time series.
85.
In order to use remote sensing to obtain a clear picture of the current conditions in the command
area, higher resolution data is needed. In particular, high resolution ET data could be used to estimate
actual water consumption in the area. This data is not directly available, and would need to be specifically
processes and produced following the method described in section V. Water Productivity.
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V.

Water Productivity
A. Background

86.
One of the advantages of using remote sensing for agriculture water management applications is
its ability to monitor at different scales and the availability of satellite data over the last decades (For
example Landsat, used in this study) allows assessment of irrigation performance of schemes over
multiple crop years.
87.
Here a detailed water productivity analysis using high-resolution maps at 15 m spatial resolution
was performed over two center pivot systems near Khongor in Mongolia for the year 2019. The center
pivot systems are located in the North-Eastern part of the Selenge river basin. Such a detailed analysis
using high resolution maps of NDVI, ETa, Biomass, Yield, and WP will give insights on the cropping
practices, productivity, and performance of an irrigation system over time. In detail, estimating these
variables from satellite data over the cropping period will allow monitoring the crop growth, water use
and deficit, and yield among others. This information can be used to offer farm and irrigation advisory
services to field engineers and farmers on required interventions for optimal production. Further
continuous remote sensing-based monitoring over years at this scale allows benchmarking the
performance and help the users to interpret changes in the pattern of growth with reference to wellperformed years due to reasons such as climatic conditions or changes in farm management practices.
88.
In this report, an approach is implemented over the study area to demonstrate the application of
remote sensing for computing high resolution maps to monitor crops in center pivot systems suggested
by the country partner. The same approach can be implemented in other areas to support and
complement investments made for irrigation development, rehabilitation, and modernization projects in
Mongolia such as the irrigation rehabilitation project in the Sugnugur subbasin (ADB, 2020).

B. Methodology
89.
Water Productivity (WP) analysis was performed over two center pivot systems near Khongor in
Mongolia (Figure 31). The location of the study site was suggested by the project partners in Magnolia.
The analysis was carried out for a period from July to October 2019. PySEBAL library developed by IHE
Delft (https://github.com/wateraccounting/SEBAL) was used to map actual evapotranspiration (ETa) and
Above Ground Biomass Production (AGBP) for the satellite data acquisition dates. Currently, PySEBAL
supports data from MODIS, Landsat, and Proba-V satellite sensors which facilitate the production of daily
and seasonal ETa maps. The theory behind PySEBAL to compute ETa and AGBP is explained in detail in the
project methodology document manual (Mul et al., 2020).
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Figure 31: Two center pivot systems selected for the WP analyses. Map at the top shows the location of these two center pivots
in Mongolia (red rectangle)

1.

Mapping Actual Evapotranspiration (ETa) and Above Ground Biomass Production (AGBP)

90.
In this analysis, satellite data obtained from Landsat 7 and 8 were used to derive ETa and AGBP
using PySEBAL library. Figure 32 shows the implemented workflow for water productivity analysis. The
acquired Landsat data were pre-processed to create cloud masked Top Of Atmosphere (TOA) reflectance
bands. The pre-processing included conversion from Digital Number (DN) to TOA reflectance, cloud
removal using the Quality Assessment (QA) band provided along with the data, and mosaicking the same
path tiles. All the satellite data pre-processing is done inside pySEBAL (Steps 1, 2 in Figure 32). The preprocessing of meteorological data included following steps: i) extract the variable and clip to study area,
iii) converting the units of air temperature from Kelvin to °C, pressure from Pascal (Pa) to Millibar (mb)
and specific humidity in kg/kg to relative humidity in % and iv) extracting instantaneous and daily average
meteorological variables from three-hourly data. The instantaneous data corresponding to the Landsat
acquisition time (10:30 A.M local time) was estimated by averaging the 6H and 9H outputs from GLDAS,
while all the 8 images in a day were averaged to estimate 24 hours data representing the day of Landsat
acquisition.
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Figure 32: The pySEBAL methodological framework for WP assessment.

91.
Further to map the ETa and AGBP at 15m a data fusion technique was applied to the spectral
bands. The Landsat panchromatic band was used to resample the spectral bands (2–7) from 30 to 15 m
applying a High Pass Filter Additive (HPFA) fusion technique, as explained in Gangkofner et al. (2007).
92.
Landsat 7 & 8 have 16-days of revisit time over a particular location. So ideally, there can be 4
observations per month per pixel, but often this was not the case due to cloud cover in the region. The
first step in the gap-filling procedure (step 6 in Figure 32) is to patch all the ETa and AGBP maps by
averaging them per month. The monthly ETa maps were then converted from mm/day to mm/month by
multiplying each map by the number of days in the corresponding month. The averaged AGBP maps per
month were also multiplied by the number of days in the corresponding month to estimate total monthly
biomass in kg/ha. The remaining gaps were then filled using temporal and spatial interpolation.
93.
The temporal gap filling was based on Locally Weighted Regression (LWR) which estimates missing
values and outliers (Cleveland and Devlin, 1988; Metz et al., 2017). For each time series observation (pixel)
in the map, a polynomial model is computed using a set of neighbouring pixels in the time dimension.
Distance-based weight is applied to the values in such a way that the observation further away in time
gets lower weights. All the observations in the time series were interpolated, as long as there were enough
non-null observations. To keep the interpolated values within the seasonal limits, we used a condition
where up to a minimum gap of 2 in the time series were interpolated, otherwise retained as NULL. A
polynomial function of order 2 and a degree of determination (DOD) of 5 were used for the interpolation.
The weight function used for LWR was tricube which determines the influence of neighbouring values in
time to the current observation. High and low outliers in model fitting were ignored and extrapolation
was avoided where the time series starts with a NULL value.
94.
Due to the insufficient valid observations in the time series which meet the LWR conditions, some
gaps remained in the monthly maps. These gaps were then reconstructed using bicubic spline
interpolation which is applied spatially (Neteler, 2010). This step is applied only to the NULL pixels using
the neighbouring valid pixels, which means the observations were kept unchanged. A bicubic spline
interpolation is a 2-dimensional approach to the linear spline. In this case, neighbouring 16 pixels are used
to interpolate the null pixels using a cubic function in a moving window. For each pixel, the interpolation
takes into consideration the function itself, the gradients determined by one-dimensional splines, and the
cross derivatives. The values of the function and the derivatives are reproduced exactly at the pixels and
they change continuously with the moving window crossing one pixel to another. The bicubic approach
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ensures the continuation of derivatives to the adjacent grids thereby reducing the artefacts. After the gapfilling process applied to all the monthly maps from January 2019 to December 2019, we aggregated the
monthly maps (July to October) to create seasonal maps.

2.

Estimating Relative Water Deficit

95.
To identify the areas that suffer the most from lack of irrigation water availability and access, the
Relative Water deficit (RWD) index was calculated over the center pivots for the growing season 2019.
RWD is defined as 1 minus the ratio of ETa over ETx (Steduto et al., 2012).
𝑅𝑅𝑅𝑅𝑅𝑅 = 1 −

𝐸𝐸𝐸𝐸𝑎𝑎
𝐸𝐸𝐸𝐸𝑥𝑥

Eq.10

96.
ETx is the maximum crop evapotranspiration that has been calculated in this study by taking 99percentile of crop ETa in the center pivots. This index broadly shows where irrigation water has been
insufficient to meet the crop water requirement. Hence, it can be used to support investment decisions
that aim at improving equity in irrigation service delivery across the scheme.

C. Description of main datasets
97.
All the Landsat 7 & 8 data acquired between 1 January 2019 and 31 December 2019 were
processed to estimate ETa and AGBP. The study area is covered in 1 Landsat tile – 132/026. A total of 23
Landsat 8 and 21 Landsat 7 scenes were processed (Table 9). Although the target season of the study is
from July to October, we processed all the images from 1 January 2019 to 31 December 2019 to provide
the continuity in the temporal moving window over months/seasons for the gap-filling step that comes at
a later stage. All the spectral bands including the thermal bands were processed in preparation to apply
the SEBAL algorithm. We used the Landsat Collection 1 Level-1 data belonging to the Tier 1 (T1) inventory.
For topography and elevation, 30 m data from NASA’s Shuttle Radar Topography Mission (SRTM),
acquired from USGS EROS Data Center was used. All the Landsat data were downloaded from Google
cloud public storage. The data acquisition was automated using the gsutil open-source python library
(https://github.com/GoogleCloudPlatform/gsutil/).
Table 9: List of Landsat 7 & 8 acquisition dates used for this analysis
Landsat 8
Landsat 7
09/03/2019

12/01/2019

25/03/2019

13/02/2019

10/04/2019

17/03/2019

12/05/2019

02/04/2019

13/06/2019

20/05/2019

31/07/2019

05/06/2019

16/08/2019

24/08/2019

01/09/2019

09/09/2019

17/09/2019

11/10/2019

03/10/2019
04/11/2019

98.
For setting up the pySEBAL model, meteorological data at the time of satellite data acquisition
(instantaneous) and 24-hour average representing the day of acquisition are required. The meteorological
data required are listed in Table 10. These data were extracted for the center pivots from NASA Global
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Land Data Assimilation System (GLDAS v2.1) which is an assimilated global data product from satellite and
ground-based observations. GLDAS data is offered at 0.25 degree spatial resolution at 3 hours interval.
Table 10: Meteorological data and its units used for the PySEBAL model

Parameter

Symbols

Unit

Downward shortwave
radiation

SWdown

W/m2

Wind speed

Ws

m/s

Air temperature

Tair

°C

P

Mb

Rh

%

Pressure
Relative humidity

D. Results
1.

Determining growing season

99.
To identify the crop growth period in 2019, time series of Normalized Difference Vegetation Index
(NDVI) derived from Landsat satellite data was used. Figure 33 shows the monthly variation of NDVI,
precipitation, and surface temperature over the year of 2019. For the center pivot system 1 (CP1) the
peak NDVI is in August and for the center pivot system 2 (CP2) the peak NDVI is in July. For both systems,
the major growing period is from July to October as per the NDVI time series plot.

Figure 33: Monthly variation of NDVI, precipitation, and surface temperature of two points (in red) in the center pivots.

100. During the cropping season of 2019 (July to October), a total of 214 mm of rainfall was observed
with a maximum monthly rainfall, 95 mm/month, occurring in July. The minimum and maximum
temperatures were estimated at 11oC (in October) and 44oC (in July). In the absence of meteorological
data, both precipitation and temperature were derived from satellite data and the analysis was carried
out in Google Earth Engine (GEE).
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101. Further check on NDVI patterns over different parts of the center pivot systems revealed three
distinct patterns as shown in Figure 34. This could be attributed to having three different crops grown
during this period. The CP1 has two distinct patterns, which can be also observed visually in the Landsat
False Colour Composites (FCC). The CP2, however, showed a uniform pattern although different from
those seen in CP1.

Figure 34: Three different NDVI patterns observed in CP1 and CP2 for the year 2019

2.

ETa, AGBP and Biomass WP over the center pivots

102. The monthly maps of ETa and AGBP computed using pySEBAL were further analysed to understand
the crop conditions in 2019. The seasonal maps were obtained by aggregating July, August, September,
and October monthly maps. Separate analysis were conducted over CP1 and CP2 to understand the water
use and vegetation growth patterns within each center pivot system.
103. The histograms of NDVI and ETa over CP1 (Figure 35) show how the vegetation status and ETa
were distributed in each growing month. August had both the highest NDVI, with a mean value of 0.46,
and the highest frequency of occurrence of pixels with NDVI values of greater than 0.35. The highest peak
in ETa, with a mean value of 163 mm/month, was observed in September. The vegetation started declining
in September showing maturity of the growth, while in contrast, the ETa continued to increase during this
month. The ETa increase in September could be driven by high soil evaporation that occurred due to the
existence of wet surfaces while the crop cover declined. October showed to have the lowest NDVI and ETa
with mean values of 0.24 and 103.5 mm/month, respectively. ETa values were distributed more evenly in
August and September compared to July and October. This is likely caused by relatively even availability
of moisture in the soil profile due to the significant amount of rainfall in addition to irrigation events. This
uniformity drops in October as the dry season approaches.

32

Figure 35: Distribution of NDVI and ETa per growing month in 2019 over CP1

104. In CP2, the distributions of NDVI and ETa show similar patterns to CP1 (Figure 36). The peak NDVI
is observed in August with a mean value of 0.4 and the lowest NDVI in October with a mean value of 0.24.
Similarly, the highest ETa is witnessed in September with a mean value of 168.1 mm/month and lowest in
October with a mean value of 87.5 mm/month. The months of July and August show a bi-modal
distribution of NDVI representing two groups in two distinct growth stages. This could indicate the
existence of more than one crop under cultivation in the CP2 or a different starting date of the season for
a single crop, Ground knowledge required to confirm this interpretation. Similar to CP1, ETa shows higher
uniformity in August and September in comparison with July and October. Cultivated crops in CP2 were
matured and harvested before the end of October.
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Figure 36: Distribution of NDVI and ETa per growing month in 2019 over CP2

105. Figure 37 shows the monthly maps of NDVI, Land Surface Temperature (LST), and ETa in
comparison to the FCC from Landsat data in two CPs. As also evident from the histograms, the ETa of
August and September is distributed uniformly inside the center pivots, mainly contributed by the high
amount of rainfall during summer months. July and October, however, show higher variability inside the
systems, which could indicate low uniformity of irrigation application. The NDVI maps except for October
show the variation of vegetation growth in both systems. This variation can be also attributed to the
different crop types as detected from the initial analysis (Figure 34). Maps of CP1 show a distinct square
area that has much denser cultivation compared to other areas in this CP. This area could be an
experimental field that was cropped in this period.
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Figure 37: Monthly maps showing False Color Composite (FCC) of Landsat 8, NDVI, LST and ETa over CP1 and CP2

106. The monthly variation of ETa, T, E, and NDVI for the focus area in CP1 is illustrated in Figure 38
right graph. ETa, T, and NDVI increase in the mid-season and then drop as the season ends in October.
This observed trend is in line with the expected generic crop coefficient (kc) trend during the season.
Monthly T and NDVI values show a high correlation which is also expected as T and biomass production
have a linear relation. The cultivated crop has a growth cycle of about 120 days. The vegetation peaks in
August where NDVI value reaches 0.7 before dropping to 0.23 by end of the cropping season in October.
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Figure 38: Left - Landsat 8 FCC dated August 2019, the focus area in CP1 is highlighted with the yellow rectangle; Right - graph
showing the monthly variation of ETa, E, T and NDVI

107. Figure 39 shows the seasonal ETa, AGBP, and Biomass Water Productivity (WPB) in CP1 and CP2.
As evident from the maps, at the seasonal scale, there is high variability in ETa, AGBP, and WPB values
within the center pivot systems. The observed variability may partially be due to the cultivation of
different crop types in each CP as explained earlier. The mean ETa, AGBP, and WPB over CP1 were 525
mm/season, 3,686 kg/ha, and 0.69 kg/m3 respectively. For the CP2, the observed ETa, AGBP, and WPB
were 541 mm/season, 3,534 kg/ha, and 0.65 kg/m3 respectively. For the focus area, the observed ETa,
AGBP, and WPB were 578.9 mm/season, 8,117 kg/ha, and 1.4 kg/m3 respectively. The combined mean ETa,
AGBP, and WPB values for CP1 and CP2 were 533 mm/season, 3,611 kg/ha, and 0.67 kg/m3.

Figure 39: Seasonal aggregated maps of ETa, AGBP and WPB over CP1 and CP2 for the year 2019

108. Separation of ETa to E and T provides an understanding of the processes behind water
consumption. Figure 40 shows that seasonal E ranged from 200 mm to 470 mm in different locations
under the two CPs. These values for E are generally on the higher side and indicate that soil surface during
the growing season has been wet. This could be both due to rainfall and frequent irrigation applications.
The CP2 showed higher E than CP 1 on average. Seasonal T in the two CPs ranged from 175 mm to 310
mm. The highest T values belong to the densely cultivated square area in CP1 (Figure 38). While the rest
of the CP1 had much lower T.
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Figure 40: Seasonal aggregated maps of ETa, E and T over CP1 and CP2 for the year 2019

109. A simple method to estimate the portion of ETa that is resulted from irrigation is by subtracting
seasonal ETa from precipitation over the same period. Negative values in the P-ET map indicate pixels
where ET exceeds the received rainfall. The more negative values indicate the higher contribution of
irrigation water. In CP1 and CP2 the seasonal P-ET value was negative in all pixels and ranged from -245
to -350 (Figure 41). Spots in red indicate more intensive use of irrigation water. The lowest P-ET values
were observed in the densely cultivated square area under CP1. This finding is in line with earlier
observations that showed the area had higher T, AGBP, and NDVI values compared to the other areas.

Figure 41: Seasonal P minus ET map over CP1 and CP2 for the year 2019

3.

Relative Water Deficit

110. Figure 42 depicts the spatial distribution of RWD in center pivots for the year 2019. The center
pivots appears to have constantly low water deficit except some patches in CP1 which may be due to
difference in crops and lack of irrigation.
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Figure 42: Seasonal Relative Water Deficit (RDW) over CP1 and CP2 for the year 2019

VI.

Key findings
A. WA Study

111. The Water Accounting Plus (WA+) framework utilises open access remote sensing data. A rapid
WA+ analysis was applied to the entire Selenge river basin and the processed remote sensing information
was used to assess the water resources situation of the Sugnugur subbasin, where one of the 17 irrigation
rehabilitation projects is located. The main aim of the analyses at basin scale was to assess the spatial and
temporal water availability. The Water Accounts were developed for the 5 most recent years and
compared to historical discharge data.
112. The historical discharge data has a high inter-annual variability and the basin is going through
major changes, such as land use changes, and is also sensitive to the impacts of global climate change on
precipitation and evaporation and changes in permafrost (Kasimov et al., 2017). The historical discharge
record, covering the years 1936 to 1997, may therefore not accurately reflect current conditions.
However, the values for discharge obtained through the water balance equation are in the same order of
magnitude as the long term in situ data, lending confidence to the datasets and preliminary conclusions
can be drawn. The analyses show that the water yield is positive meaning that the Selenge river basin has
sufficient water resources at the basin level, with a large amount of non-consumed flow leaving the basin.
We however did not have values for estimated reserved or cross border flow requirement to sustain the
downstream Lake Baikal. The study also does not consider water quality which is known to be an issue in
the more densely populated and industrialized parts of the basin (Kasimov et al., 2017).
113. Most of the water is generated within the large areas covered by herbaceous vegetation (pasture
land). Dense or closed forests, on the other hand, are shown to be the largest net water consumers: they
consume water generated in other areas thanks to their deep roots. Only 3% of the area (848,600 ha) is
classified as cropland, which is mainly rainfed. The analyses show that there are large inter-annual and
spatial variations in water availability as estimated through water yield (P-ET). Especially during the
summer season (May-August), when agricultural water requirements are the highest takes place, the
increase in ET versus P is observed. Providing reliable water supply especially during the crop development
stages is essential for optimal agricultural production.
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114. At the Sugnugur subbasin level, we did not observe any general trends in precipitation over the
past 20 years. However, trends were observed at the monthly scale indicating a shift in the timing of
rainfall: decreasing rainfall was observed in May and increasing rainfall in July. In particular at the
beginning of the season, there is a water deficit observed in the subbasin. This period is essential for crop
development and therefore requires (supplemental) irrigation. Similar monthly precipitation trends were
reported in ADB (2020) based on in situ precipitation records.
115. The observed long-term average flows in the Sugnugur indicate that the available water is
sufficient to support the required irrigation amounts for the proposed modernization (ADB, 2020).
However, in situ data also showed very low flows starting in 2010 (ADB, 2020). The current Water
Accounting study shows no evidence of such very low flows when looking at the remote sensing data (PET) and on the contrary shows an increase in average water availability over the summer months between
2003 and 2019. We recommend checking the in-situ record for errors before making a final conclusion.

B. WP study
116. The detailed WP analysis for the 2 center pivots of the Plant Science and Agricultural Training and
Research Institute showed high spatial variability in water use and biomass production. From satellite
images, it is clear that the center pivots are not evenly cropped and possibly different crop types are
present. During the cropping season about 55-60% of ETa is from irrigation in both center pivots. The
combined mean ETa, AGBP, and WPB values for CP1 and CP2 were 533 mm/season, 3,611 kg/ha, and 0.67
kg/m3. For the focus area with a uniform (unidentified) crop, the ETa, AGBP, and WPB values are much
higher at 578.9 mm/season, 8,117 kg/ha, and 1.4 kg/m3.
117. From the water productivity results, it is evident that the experimental field in CP1 has higher
productivity and biomass. It shows better management practices being implemented in the field. Multiseasonal analysis and data from MOFALI on irrigation and crop practices will help in interpreting these
trends more accurately.
118.
Such WP study can be scaled up to a scheme level to understand the water use and deficit
distribution spatially. Further, the spatial distribution of biomass, yield, and WP can also be mapped for
the entire scheme. The high spatial resolution of the maps will allow detailed analysis within farms to
distribution canal command area to entire command areas, giving insights on cropping practices, water
use, deficit, and the irrigation performance in terms of yield and productivity. This approach could be
applied to the 17 irrigation schemes listed in the feasibility study report by ADB. However, these analyses
require additional information from the field on for example crop types and irrigation application.

VII.
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