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Executive Summary
1.
The Nura-Sarysu Water Economic Basin (WEB) is an internal drainage basin, entirely located
within the country borders of Kazakhstan and covering an area of 276,600 km2. The Nura-Sarysu WEB
does not correspond to a single hydrological drainage basin, its boundaries are a combination of
watershed and administrative boundaries. It includes the drainage basins of the rivers Nura and Sarysu as
well as lakes Tengiz and Karasor. The Nura River drains to Lake Tengiz, and the Sarysu River drains to Lake
Telekol (FAO, 2012). The WEB is almost entirely located within the Karaganda region of Kazakhstan. As
the majority of the agriculture takes place within the Nura river basin, which drains to Lake Tengiz, the
focus of the analyses presented in this report was on the drainage catchment of Lake Tengiz.
2.
Open-access remote sensing data were used to analyse water resources at the basin scale. Initial
data analysis pointed to challenges due to uncertainties in the precipitation dataset used. The Global
Precipitation Measurement (GPM) data product was chosen because it is the only one to provide data
north of 50°N. However, comparisons to values found in literature and to values of other precipitation
products (available only south of 50°N) suggested a large overestimation of winter precipitation in the
GPM dataset. As a consequence, closure of the water balance over the drainage basin of Lake Tengiz was
not possible using only remote sensing data. An added challenge in the closure of the water balance in
the basin is the consumption of water through cooling for energy production which is not captured by
remote sensing, as well as the unquantified inter-basin transfer providing additional water to the industry
and agriculture in the basin.
3.
The Water Accounting Plus (WA+) methods were applied to separate evapotranspiration into
evaporation (E), transpiration (T) and interception (I) and the WA+ Soil Water Balance Model was used to
separate green and blue ET. At the basin scale, the available land use maps did not allow for distinctions
in water yield or water consumption (ET, ETblue or T) between cropland and grasslands. This suggested
either a very small irrigated area or a large number of misclassified areas. Further analysis showed that
both these hypotheses are likely.
4.
When zooming into specific areas of high ETblue within areas classified as cropland and visually
inspecting Google Earth imagery, a few likely irrigated areas were identified. Other areas identified in this
manner did not appear to be cropped, but likely had high ETblue values due to surface water drainage
features. We also visually identified cropped areas in areas classified as grasslands in the land use map.
5.
Our ability to identify potential irrigated areas through the use of ETblue highlights the fact that
even in a challenging basin lacking in situ data where closure of the water balance at the yearly scale could
not be achieved, the remote sensing data still contains a wealth of spatial information which can be useful
for monitoring of water use in the basin.
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I.

Introduction
6.
The Asian Development Bank (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), supports ADB in achieving this objective.
7.
The activities proposed for the current Technical Assistance (TA) build on the work previously
undertaken by IHE Delft in cooperation with the 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.
8.
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 and
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).
9.
The current TA provides assistance to projects in 6 countries in Asia, i.e. Cambodia, India,
Kazakhstan, Mongolia, Philippines and Sri Lanka. This document presents the water accounting work
carried out for the Kazakhstan case study. The ADB is supporting a number of projects in Kazakhstan on
improving irrigation performance and implementing integrated water resources management (IWRM) 1.
This study aims to support these initiatives through providing a baseline of the water resources availability
and consumption in one of the highest utilized river basins using remote sensing and other open access
data (Water Accounting Plus; Mul et al., 2020).

1

https://www.adb.org/Projects/CACILM/documents.asp/country/kaz
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II.

Project Background
10.
Kazakhstan is divided into 8 water-economic basins (WEB) as shown in Figure 1. The majority of
the water resources (77%) is found in three of these basins (Aral-Syrdarya, Balkash-Alakol and Irtysh).
Agriculture is the largest consumer of water, amounting to roughly 70% of the total water demand.
Agricultural water use efficiency is low, estimated to be approximately 45% (FAO Aquastat, 2016).

Figure 1: Water-economic basins of Kazakhstan

Figure 1) which is the only WEB for which the total water consumed exceeds the water potential.
Table 1: Water renewable water resources (RSWR) and water consumption of the Kazakh river basins (km3) (Karatayev et al.
2017b)

River basin
Ural-Caspii
Tabol-Turgai
Aral-Syrdarya
Ishim
Nura-Sarysu
Shu-Talas
Balkash-Alakol
Irtysh
Total

RSWR
12.9
1.94
22.29
2.77
1.37
4.24
25.18
30.41
101.1

3

Water consumption
1.07
0.39
5.95
1.02
2.56
2.25
3.79
2.89
19.92

12.
The Nura-Sarysu WEB is an internal drainage basin, entirely located within the country borders of
Kazakhstan and covers an area of 276,600 km2. The Nura-Sarysu WEB does not correspond to a
hydrological drainage basin, rather its boundaries are a combination of watershed and administrative
boundaries. It includes the drainage basins of the rivers Nura and Sarysu as well as lakes Tengiz and
Karasor. The Nura River drains to Lake Tengiz, and the Sarysu River drains to Lake Telekol (FAO, 2012).
The WEB is almost entirely located within the Karaganda region of Kazakhstan.
13.
Figure 2 shows the location of the main drainage basins of the Nura and Sarysu rivers and the
outline of the WEB which was digitized based on the map of Watershed and Administrative subdivision of
Republic Kazakhstan (accessed at http://www.caresd.net/iwrm/new/en/resources.php, UNDP). This map
was chosen as it contained a graticule which made it possible to georeference it using GIS software.

Figure 2: The Nura-Sarysu WEB and its main drainage basins from HydroSHEDS (Lehner et al., 2008). Background: Watershed
and Administrative subdivision of Republic Kazakhstan. Green portion is the Nura-Sarysu WEB – georeferenced by the authors.

14.
Water in the WEB is highly committed for different purposes, including irrigation, industry and
energy. Water for energy accounts for approximately 60% of the water potential in the basin, much of it
not returned to its original source after use (Karatayev et al., 2017b). Water pollution by heavy metals is
a major concern as the basin is home to the main metallurgic and coal industries of the country (Issanova
et al., 2018). The Nura-Sarysu WEB is also home to 1 million people which corresponds to 5.8% of the
country’s population (Issanova et al., 2018).
15.
The mean renewable surface water reported in literature is evaluated to be approximately 1.37
km3/year while the water demand is 2.56 km3/year (Table 1). The gap is made up by water transfers from
other regions, namely through the Satpaev canal (formerly known as the Irtysh-Karagandy canal) from the
4

Irtysh River (FAO, 2012). A portion of the water from the Satpaev canal is used to replenish the Nura River
at the location of it’s crossing with the river (see Figure 2).
16.
The dominant land covers in the basin are grasslands (~95% of area) and croplands (~3% of area).
The cropland is mostly located in the northern part of the basin, in the Nura catchment (see section A
Land Use Land Cover).
17.
Large basins with many remote and sparsely populated areas such as the Nura-Sarysu 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.
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III.

Methodology
18.
The longer-term planning process of water and environmental resources in river basins requires
a measurement – reporting – monitoring system to be 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, 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).
19.
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 ET into green (ETgreen) and blue ET (ETblue), thereby clearly identifying managed water flows.
20.
The water accounting framework distinguishes between a vertical and horizontal water balance.
The horizontal water balance refers to the routing of runoff derived from a vertical water balance model
to the outlet of a river basin.
21.
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.
22.
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 3: Main schematization of the flows and fluxes in the model

A. Step 1 Interception Computation
23.
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

24.
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.

B. Step 2 Soil Moisture Computation
25.
The soil moisture available for evaporative use (Srain 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 (Rrain) and
surface runoff (Qs) (eq 2):

𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎𝑎𝑎,𝑡𝑡 = 𝑆𝑆𝑡𝑡−1 + 𝑃𝑃 − 𝐼𝐼 − 𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

Eq.2

26.
Where the surface runoff (Qsro,rain) 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,rain 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 within a month. The total surface runoff for a month is then multiplied by n:
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = �

0

𝑃𝑃−𝐼𝐼 2
�
�
𝑛𝑛

𝑃𝑃−𝐼𝐼
+𝑓𝑓(𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠 −𝑆𝑆𝑡𝑡−1 )
𝑛𝑛

∗ 𝑛𝑛

𝑖𝑖𝑖𝑖 𝑃𝑃 = 0

Eq.3

𝑖𝑖𝑖𝑖 𝑃𝑃 ≠ 0

27.
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 2).
Table 2: 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
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
Tree cover: closed, unknown type
Tree cover: open, evergreen needle-leaved
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Root depth (mm)
370
510
550
550
550
370
370
0
0
0
0
1,800
3,140
1,070
2,000
2,000
1,800

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

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

28.
The percolation, Rrain, is calculated as a function of soil moisture and a percolation calibration
parameter fperc:
𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑆𝑆𝑡𝑡−1 ∗ exp �−

𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
�
𝑆𝑆𝑡𝑡−1

Eq.4

C. Step 3 Separate ETa into ETgreen and ETblue and update S
29.
To compute the green and blue components of ET, ETa is subtracted from Srain, t. When Srain, t is
insufficient for ETa, the difference will be supplied by surface or groundwater uptake. The green ET
becomes the amount which can be supplied by the soil moisture, whereas the difference will become blue
ET:

𝐸𝐸𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑚𝑚𝑚𝑚𝑚𝑚�𝐸𝐸𝐸𝐸𝑎𝑎 , 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑎𝑎𝑎𝑎 �
30.

Eq.5

𝐸𝐸𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐸𝐸𝐸𝐸𝑎𝑎 − 𝐸𝐸𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

Eq.6

𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑡𝑡 = 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑎𝑎𝑎𝑎 − 𝐸𝐸𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

Eq.7

The new soil moisture storage then becomes:

D. Step 4 Estimation of Water Supply

31.
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 blue water supplied to each pixel is
estimated as a function of ETblue and the so-called consumed fraction (fc).
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑓𝑓(𝐸𝐸𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , 𝐿𝐿𝐿𝐿) =

𝐸𝐸𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑓𝑓𝑐𝑐

Eq.8

32.
fc is dependent on the land use class and was suggested to replace the classical irrigation
efficiencies (Molden, 1997; Simons et al., 2016). The consumed fractions applied in this study are specified
in Table 3.
Table 3: Consumed fraction per land use class

Land use class
Natural land use classes
Rainfed crops
Irrigated crops

Consumed fraction (fc)
1.00
1.00
0.80
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E. Step 5 Estimating final soil moisture
33.

Soil moisture at the end of the timestep will be:

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

Eq.9

34.
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.
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IV.

Description of main datasets
35.
One constraint of using remote sensing data for the Nura-Sarysu river basin is its location (above
o
50 N latitude). For precipitation only the NASA/JAXA Global Precipitation Measurement (GPM) data
product is available at such high latitudes: it provides data on a 0.1° grid over the 60° N-S domain (Huffman
et al., 2019) (other globally available precipitation products only provide data over the 50° N-S domain).
For evapotranspiration, the most suitable product was found to be the operational Simplified Surface
Energy Balance (SSEBop) model (Senay et al., 2013) because of the large number of missing data pixels
found when inspecting the other globally available ET product (MOD16). The main inputs into the model
are provided in Table 4. The analysis was run for the period 2014-2019.
Variable

Parameter

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

Table 4: Inputs to the model

Source

Spatial Resolution

P
ETa
LAI
LULC

GPM
SSEBop
MODIS
CGLS
HiHydroSoil

ΔS

GRACE (JPL,
CSR and GFZ
solutions)

0.1° (~11km at the equator)
0.01° (~1 km at the equator)
250m
100 m
0.008333 degree
(about 900m at the
equator)
0.1° (~110km at the
equator)

𝜃𝜃𝑆𝑆𝑆𝑆𝑆𝑆

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

A. Land Use Land Cover
36.
Multiple global land use datasets are available for different epochs and at a different spatial
resolution. The identification of croplands is of particular interest for WA+ studies and the land cover map
from the Copernicus Global Land Service (CGLS) Global Land cover map (Buchhorn et al., 2019) was found
to better identify cropped areas as compared to other globally available maps (ADB 2020 – Mongolia
study). The data has a 100m spatial resolution.
37.
For computational purposes, and because of the coarser resolution of the other major input
datasets to the water accounts (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.
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Figure 4: Land cover map from CGLS

38.
The vast majority, 95.5%, of the area is covered by herbaceous vegetation followed by cropland
which covers 2.6% of the total area. The remaining area is covered by permanent water (1%), sparse
vegetation (0.5%), herbaceous wetlands (0.2%), forests (0.1%), built-up (0.1%) and shrubs (<0.1%).
39.
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
as follows (Karimi et al., 2013):
1. Protected Land Use (PLU); areas that have a special nature status and are protected by National
Governments or Internationals NGOs
2. Utilized Land Use (ULU); areas that have a light utilization with a minimum anthropogenic influence.
The water flow is essentially natural
3. 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
4. Managed Water Use (MWU); areas where water flows are regulated by humans via irrigation canals,
pumps, hydraulic structures, utilities, drainage systems, ponds etc.
40.
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. In the Nura-Sarysu
basin, the only protected area is Lake Tengiz which is a Ramsar wetland site of international importance
located in the North Western part of the study area (see Figure 2). The WDPA has two outlines for the
protected area as shown in Figure 5. It was decided to merge the two outlines and use the merged areas
as the protected area in this report.
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Figure 5: Lake Tengiz and protected area from WDPA (2020). Background: Google Satellite Hybrid dataset.

41.
Table 5 shows the conversion table 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:
●
●

A few cropland pixels fell in the protected areas, spot checks using google earth imagery did not
show cropland and these areas were therefore reclassified as protected.
All cropland was classified in the Modified Land Use category. In WA+ analyses, cropland is usually
split between Modified Land Use (MLU) and Managed Water Use (MWU) for rainfed and irrigated
crops respectively. As we did not have information on the location of irrigated agriculture in
Kazakhstan, all cropland was classified as MLU which is understood here to cover both rainfed
and irrigated agriculture.
Table 5: CGLS to WA+ LULC Management Class conversion

WA+ Management Class

CGLS Class

If Protected

If Not Protected

20 - shrubs

1 – PLU

2 - ULU

30 - herbaceous vegetation

1 – PLU

2 - ULU

40 - cropland

1 – PLU

3 - MLU

50 - built-up

42.

4- MWU

60 - bare/sparse vegetation
80 - Water / permanent inland water
bodies
90 - herbaceous wetland

1 – PLU

2 - ULU

1 – PLU

2 - ULU

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 Nura-Sarysu WEB

B. Precipitation
43.
Daily and monthly precipitation data from the Global Precipitation Measurement (GPM) Mission
were collected for the period 2014-2019. The data has a spatial resolution of 0.1° (approximately 11km at
the equator). The product used is the GPM IMERG Final Precipitation L3 1 month 0.1 degree x 0.1 degree
V06 (Huffman et al., 2019).
44.
Over the period 2014-2019, the average yearly precipitation over the Nura-Sarysu WEB is 450
mm/year, with a maximum of 513 mm/year in 2015 and a minimum of 402 mm/year in 2014. The spatial
variability of precipitation in the basin is also high with the wettest area receiving 634 mm/year on average
while the driest receives 259 mm/year. The spatial distribution of the mean annual precipitation from
GPM is shown in Figure 7.
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Figure 7: Annual precipitation over 2014-2019. Data source: GPM.

45.
WEB.

Figure 8 shows the monthly and inter-annual variability of precipitation over the Nura-Sarysu

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

46.
These values obtained from GPM are higher than those found in literature which report yearly
long term mean annual precipitation estimates falling in the order of 100 to 400 mm/year over the area
(e.g. Klein et al.(2012) and Karatayev et al. (2017)) while GPM data shows areas receiving on average up
to 700 mm/year (see Figure 9).
47.
In order to investigate these differences, data was downloaded from the the Climate Hazards
group Infrared Precipitation with Stations (CHIRPS, Funk et al. (2015)). While the CHIRPS data is only
14

available until 50°N and therefore does not cover the whole area of interest (the spatial extent relative to
the Nura-Sarysu WEB can be seen in Figure 11), the yearly precipitation amounts observed are closer to
the range of those reported in literature (Figure 9). Both datasets however show similar spatial patterns
with an increase in precipitation towards the north-east of the WEB.

Figure 9: CHIRPS and GPM yearly precipitation averages for 2014-2019

48.
The difference in precipitation between the CHIRPS and GPM datasets is particularly marked in
the months of January to April and October to December, while the values are closer to each other during
the growing season of May to September (see Figure 10). The large difference observed in winter is likely
due to the difficulty of estimating snowfall from remote sensing.

Figure 10: Comparison of GPM and CHIRPS datasets in overlapping areas.

49.
The spatial distribution in the months of May to September is found to be consistent between the
two datasets as shown in Figure 11. Both datasets show a clear pattern of increasing rainfall towards the
north-east of the WEB. The larger difference in May seen in Figure 10 can be attributed to the areas in the
south-western part of the WEB.
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Figure 11: Spatial pattern over growing season, CHIRPS and GPM.

50.
Based on these comparisons, we expect the water yield (P-ET) and water balance over the year
to be overestimated when looking at the entire WEB, but the values over the growing season to be more
representative of the situation on the ground.

C. Evapotranspiration
51.
Monthly actual evapotranspiration data from SSEBop (Senay et al., 2013) was collected for the
period 2014-2019. SSEBop data has a spatial resolution of 1km. The mean annual evapotranspiration for
2014-2019 was 208 mm/year, with a maximum of 305 mm/year in 2016 and a minimum of 140 mm/year
in 2019. The spatial distribution of the mean annual evapotranspiration is shown in Figure 12.
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Figure 12: Annual evapotranspiration over 2014-2019. Data source: SSEBop.

52.
Figure 13 shows the monthly and inter-annual variability of evapotranspiration over the NuraSarysu basin. ET is nearly 0 over the winter months, and peaks in the late spring and summer.

Figure 13: Mean monthly and yearly ET for 2015-2019

D. 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).

17

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). The GRACE
products used have a spatial resolution of 1°, while the underlying spatial resolution of the data is
estimated to be of approximately 3°. GRACE data is therefore better suited for large river basins
(>100,000km2) but good results have been obtained for catchments down to ~50,000 km2 (Biancamaria
et al., 2019).
55.
Figure 14 shows the TWSA estimates from the three different solutions over the study area, the
grey area in Figure 14 is the time period without data between the end of the GRACE mission data and
the beginning of the GRACE-FO mission data.

Figure 14: Spread of the TWSA estimated form the different GRACE solutions

56.
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).
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V.

Results
57.
Because the Nura-Sarysu WEB is not a hydrological basin, we cannot calculate the water balance,
which is an important measure to assess the quality of the data used in the WA+ analysis. As the vast
majority of agriculture and industrial activity is concentrated in the Nura River Basin, it was decided to
focus the study on the catchment area of Lake Tengiz which contains the Nura River Basin (see Figure 15)
and covers approximately 99,000 km2. Small portions of the catchment area fall outside of the NuraSarysu WEB (Figure 15), data has been downloaded over these areas in order to include them in the
following analysis.

A. Basic Water Balance from Remote Sensing
58.
Assuming that no subsurface runoff flows out a river basin, the water balance equation for a
hydrological basin is as follows:
𝑃𝑃 − 𝐸𝐸𝐸𝐸 = 𝑄𝑄 + ∆𝑆𝑆

Eq.10

𝑃𝑃 − 𝐸𝐸𝐸𝐸 = ∆𝑆𝑆

Eq.11

59.
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). Because Lake Tengiz is an endorheic lake, there is no outflow from the
area and Eq. 10 becomes:

Figure 15: Lake Tengiz catchment location.
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60.
In order to make a rapid check on the water balance we have the following remote sensing data
available (see section 4):
•
•
•

Precipitation: GPM
Evapotranspiration: SSEBop
Total water storage change: GRACE 2002- mid 2017 & GRACE FO mid 2018 – present

61.
There are multiple specific challenges in the area, and we do not expect to be able to close the
water balance based on remote sensing data alone. A few are listed below:
•
•
•

Information on the amount of water brought to the basin through the Satpaev canal was not
available;
Snowfall is known to be less accurately measured than liquid precipitation from satellites (see also
discrepancy between GPM and CHIRPS data in section 4.2);
Water consumption through cooling for energy generation cannot be captured by the algorithms
used to monitor evapotranspiration from vegetation; no ground data on this water use was
available.

62.
Additionally, no river discharge data was available in order to check the water balance for any of
the sub-basins.
63.
Figure 16 shows the water balance for the drainage basin computed over calendar years 2014 to
2019. The black line shows the residual of the water balance. The lack of closure most likely corresponds
to the overestimated winter precipitation from GPM. A contributing factor may be the recovery of water
levels in Lake Tengiz, at least between the years 2014 and 2016 (see Figure 17), which may not be properly
captured by the GRACE storage change data due to the coarse spatial resolution of the data. This would
however only account for a fraction of the excess water observed.

Figure 16: Water balance components for drainage to Lake Tengiz
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Figure 17: Water levels in Lake Tengiz from radar altimetry - source: https://dahiti.dgfi.tum.de/en/240/water-level/

64.
Note that there is no storage change data available from mid-2017, when GRACE stopped
functioning, until mid-2018, when GRACE-FO took over. For the years 2017 and 2018, Figure 16 therefore
shows the outcome using the assumption of ΔS = 0.

B. Water generation and consumption
65.
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 areas with a negative water yield are net consumers of water. As explained
in section B Precipitation, the water yield calculated at the yearly timescale is expected to be
overestimated because of the overestimation of winter precipitation by GPM. Table 6 shows the yearly
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 (green cells in Table
6). Only the open water and wetland land use classes show a negative water yield (red cells in Table 6).
Table 6: Yearly water yield per land use, Tengiz catchment

Land Use Description

P

ETa

P-ETa

Area

mm/yr

km3/yr

mm/yr

km3/yr

mm/yr

km3/yr

km2

%

herbaceous vegetation

515

45.68

262

23.24

253

22.44

88,685

89.64

cropland

539

3.75

268

1.87

271

1.89

6,959

7.03

build-up

555

0.12

289

0.06

266

0.06

219

0.22

bare/sparse vegetation

538

0.05

315

0.03

223

0.02

91

0.09

water/permanent inland
water bodies

533

1.25

618

1.45

-85

-0.20

2,353

2.38

herbaceous wetland
closed forest, needle-leaved,
evergreen

550

0.24

666

0.29

-116

-0.05

442

0.45

492

0.05

466

0.04

25

0.00

92

0.09

closed forest, unknown type
open forest, unknown type

496
500

0.01
0.03

400
405

0.01
0.03

96
96

0.00
0.01

25
68

0.02
0.07

66.
When considering water demand for irrigation, looking at the water yield during summer months
can give a better view of water availability during critical periods. Figure 18shows that for cropland and
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herbaceous vegetation areas (where cropping might be extended), the water yield in the growing season
is negative (red cells in Figure 18).
Table 7: Water yield for the growing season May-September, Tengiz catchment

Land Use Description

herbaceous vegetation
cropland

P
mm/season
179
189

km3/season
16
1

ETa
mm/season
229
239

km3/season
20
2

P-ETa
mm/season
-50
-50

km3/season
-4.40
-0.35

Figure 18: Mean monthly water yield during the growing season, Tengiz catchment

C. ET as ETblue/ETgreen and E/T/I
67.
ET can be separated into ETgreen, which is ET originating from soil moisture that directly stems from
rainfall, and ETblue, which is ET originating from “blue” water, that is water in rivers, lakes and aquifers and
that has been used e.g. for irrigation. Figure 19 shows the annual ETblue and ETgreen over the study area. In
the study area, the area covered by Lake Tengiz in the protected area produces significant ETblue (Figure
19 and Figure 20). Another source of blue ET are trees which are able to use groundwater thanks to their
deep roots. The portion of snowmelt which contributes to ET 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.
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Figure 19: Yearly ETblue and ETgreen, Tengiz catchment

68.
Figure 20 shows the split of ET in its blue and green components for the different land use
categories identified for WA+. In the development of the land use map (see section III.B.2.1) we made the
choice to not separate crops between rainfed and irrigated in the land use map due to lack of information.
All cropland is therefore lumped in the Modified Land Use class.
69.
When comparing the separation of blue and green ET, Figure 20 does not show a distinction
between Utilized Land Use (herbaceous vegetation) and Modified Land Use (cropland). Since we would
expect relatively higher blue ET for irrigated agriculture than for rainfed agriculture or grasslands, this
suggests either that the majority of the crops are rainfed, or that the land use map does not appropriately
discriminate between cropland and herbaceous vegetation.
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Figure 20: ETa split into green and blue ET per WA+ management class

70.
Another relevant way of looking at ET is splitting it into evaporation (E), transpiration (T) and
interception (I). Transpiration is of particular interest as it represents the portion of ET directly used by
the plants for biomass creation. The ratio of transpiration over evapotranspiration is relatively high in the
basin, with values >80% in most areas (Figure 21 and Figure 22).

Figure 21: Average yearly and monthly T and ET
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Figure 22: Monthly transpiration during the growing season, Tengiz catchment

71.
Similarly to the ETblue and ETgreen results, the ratio of transpiration to evapotranspiration does not
show any distinction between grasslands and cropland at the basin scale (Table 8). The colored cells
highlight the highest ET component for each land use type.
Table 8: E, T, I separation by land use, Tengiz catchment

land Use
Description
herbaceous
vegetation
cropland
build-up
bare/sparse
vegetation
Water /
permanent inland
water bodies
herbaceous
wetland
closed forest,
needle-leaved,
evergreen
closed forest,
unknown type
open forest,
unknown type

ET
[km3]

ET
[mm]

E
[mm]

E
%ET

T
[mm]

T
%ET

I
[mm]

I
%ET

23.24

262.04

16.52

6

219.16

84

26.35

10

1.87

268.03

13.75

5

226.83

85

27.45

10

0.06

289.01

18.10

6

253.13

88

17.78

6

0.03

314.87

257.17

82

55.02

17

2.67

1

1.45

618.01

591.48

96

24.60

4

1.93

0

0.29

665.97

237.72

36

396.88

60

31.36

5

0.04

466.32

20.64

4

380.88

82

64.80

14

0.01

399.72

18.61

5

333.48

83

47.64

12

0.03

404.71

21.79

5

335.05

83

47.87

12
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D. Basin-scale comparison to irrigated areas from GFSAD LU map
72.
As seen above, the CGLS land use map does not enable us to distinguish between cropland and
grassland using water yield, the split of ETblue and ETgreen or the split of E, T and I at the basin scale. A map
providing only crop and irrigated crop classes from the Global Food Security Support Analysis Data
(GFSAD) GFSC is globally available, and an analysis was carried out to test whether using this map allowed
for better basin wide analysis of water consumption between land use classes.
73.
The Crop Dominance 2010 product is globally available at 1km resolution, the basic maps
resolution is coarse (~10km), but the areas marked as irrigated are provided at a higher resolution (~1km).
Figure 23 shows the comparison of the cropland extent for the GFSAD and CGLS maps. GFSAD does not
identify other features such as surface water.

Figure 23: GFSAD map and CGLS cropland extent comparison, Tengiz catchment

74.
Table 9 shows that the pattern of rainfed/irrigated land from the GFSAD map is not reflected in
the remote sensing data and modelled outputs for the area with no decrease in water yield or increase in
ETa or ETblue observed for areas classified as irrigated cropland.
Table 9: P, ET, Water Yield and Green and Blue ET for dominant crop classes from the GFSAD map, Tengiz catchment.

P

ETa

P-ETa

ETblue

ETgreen

mm/season

mm/season

mm/season

mm/season

mm/season

192

235

-43

31

203

Rainfed 1

195

267

-72

51

216

Rainfed 2
Fractions of
Mixed Crops

176

249

-73

39

210

194

252

-58

43

208

Non-Crop

169

222

-53

39

183

Irrigated
Cropland

Irrigated –
190
221
-31
26
195
modified*
* Irrigated modified contains pixels classified as irrigated in the GFSAD map and cropland in the CGLS map
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E. Identification of potentially irrigated areas – Zooming in to ETblue
75.
Because of the lack of discrimination between grasslands and crops at the basin scale, it was
decided to attempt a more local investigation of the cropped areas using the CGLS crop map as a starting
point. In Figure 24, non-cropland areas have been masked out to highlight the spatial variability of ETblue
in the cropped areas. Areas with higher ETblue are more likely to be irrigated.

Figure 24: Average monthly summer ETblue over cropland areas, Tengiz catchment. The arrow points to a misclassified water
body.

76.
Figure 25 shows the distribution of the ETblue values over cropland in the study area. The few pixels
with values above 25 mm/month were found to be due to a misclassified surface water feature which is
highlighted in Figure 24.

Figure 25: Histogram of ETblue values

77.
When looking at a histogram of ETblue values in an area containing irrigated and rainfed crops, a
bimodal distribution is often observed and a threshold can be chosen. No such distribution can be seen in
Figure 25, so in order to identify potentially irrigated areas, we highlighted the pixels within the 95th
percentile in terms of ETblue (while removing pixels with values of more than 25 mm/month as explained
above). This would theoretically identify irrigated areas under the assumption that irrigated areas cover
5% of the cropped area. This value was chosen arbitrarily for exploration of the data. Using this method
led to a cut-off values of 13 mm/month, and some of the areas meeting this criteria (highlighted in Figure
26) were investigated further.
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Figure 26: ETblue classification to identify potential irrigation areas. The numbers indicate areas which were investigated
further.

78.
The areas identified as 1 and 2 in Figure 26 were identified as potentially irrigated areas. When
inspecting area 1 using Google Earth imagery, we could identify center pivots in the area as shown in
Figure 27. Figure 27 shows that not all of the cropped area is identified as such in the land use map and
that not all of the pivots have a high ETblue. This could be due to some being left fallow during all or part
of the study period of 2014-2019.

Figure 27: High ETblue Area 1

79.
No specific irrigation infrastructure such as center pivots could be identified when inspecting
Google Earth imagery for Area 2 (see Figure 26). However, Figure 28 shows that the high ETblue area is
indeed in a clearly agricultural area, and the potential irrigated area extends out of the area identified as
cropland by CGLS (area circled in yellow in Figure 28).

28

Figure 28: High ETblue area 2

80.
Two more potentially irrigated areas were identified in area 6, one of these is shown in Figure 29.
The high ETblue values are not seen throughout the area, it likely that only part of the area was irrigated
throughout the entire study period.

Figure 29: High ETblue area 6

81.
Area 4 on the other hand does not appear to be a cropped area. It is however adjacent to what
could be an orchard based on visual inspection of the Google Earth imagery (Figure 30). The area is not
classified as cropped in the GCLS map and has ETblue values in the 10 to 19 mm/month range.
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Figure 30: High ET area 4 and zoom in on adjacent area.

82.
For other areas, visual inspection of the satellite imagery did not identify irrigated areas. Area 3
for instance appears to be misclassified bare land and we hypothesize the high ETblue values are due to the
natural drainage features which can be observed in Figure 31. Area 5 shows a similar pattern as Area 3
and is also not considered a potentially irrigated site (Figure 32).
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Figure 31: High ETblue area 3

Figure 32: High ETblue area 5

83.
Other scattered high ETblue areas which can be observed in Figure 26 were visually inspected and
showed similar patterns to those seen in Figure 31 and Figure 32 (for example in the western part of the
basin or in the north in the vicinity of area 5) and are likely bare land misclassified as cropland. This
confusion of classes in the land cover map explains the lack of clear clusters of pixels in the histogram and
the difficulty of providing a basin-wide analysis without a reliable land use map.
84.
Two areas with center pivots were also identified in Google Earth imagery which did not show
high ETblue values as shown in Figure 33 and Figure 34. Analysis of available Google Earth imagery shows
these pivots were not present in previous years and are likely new developments.
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Figure 33: Center pivots with low ETblue – example 1, hypothesized to be a new development

Figure 34: Center pivots with low ETblue - example 2, hypothesized to be a new development

85.
The different situations presented above highlight the need for reliable and updated in situ maps
of land use in order to be able to produce an analysis at the basin scale. For instance if basin level maps
of irrigation schemes are available, a comparison of ET blue across the different schemes can help identify
areas where insufficient water is provided, areas which are left fallow by identifying areas with lower ET
blue values, or, alternatively, areas with well-maintained irrigation infrastructure and crop management.
Looking at time-series over specific schemes can allow for the identification of trends, or sudden breaks
which can be due to infrastructure breakdowns, upgrades or management changes. This can allow for
further studies or investment to focus on such areas, and if investments are made, the productivity of the
newly irrigated areas can be monitored using similar analysis.
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VI.

Key findings
86.
Closure of the water balance over the drainage basin of Lake Tengiz was not possible using only
remote sensing data. This was found to be mainly due to likely overestimated precipitation from GPM, in
particular during the winter months. This finding confirms the known challenge faced in estimating water
input due to snowfall which has a higher uncertainty than the estimation of liquid precipitation from
satellites. An added challenge in the closure of the water balance in the basin is the consumption of water
for energy production, which is not captured by remote sensing, as well as the unquantified inter-basin
transfer providing additional water to the industry and agriculture in some areas.
87.
At the basin scale, the available land use maps did not allow for distinctions in water yield or water
consumption between croplands and grasslands. This suggested either a very low number of irrigated
areas or a large number of misclassified areas. Further analysis showed that both these hypotheses are
likely.
88.
When zooming into specific areas of high ETblue within areas classified as cropland and visually
inspecting Google Earth imagery, a few likely irrigated areas were identified. Other areas identified in this
manner did not appear to be cropped, but likely had high ETblue values due to surface water drainage
features.
89.
Our ability to identify potential irrigated areas through the use of ETblue highlights the fact that
even in a challenging basin lacking in situ data where the closure the water balance at the yearly scale
could not be achieved, the remote sensing data still contains a wealth of spatial information which can be
useful in the monitoring of water use in the basin.
90.
In conclusion we highly recommend the investment of resources in the production of detailed
maps of rainfed and irrigated croplands for more analysis to be carried out both at the irrigation scheme
and basin-scales.
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