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I. EXECUTIVE SUMMARY 
1. The Krishna basin is the fifth largest river basin in India shared between four states: Karnataka (44%), 
Maharashtra (26.7%), Telangana (20%), and Andra Pradesh (9.3%). States have full authority over water 
resources within their boundaries, good cooperation between these four states over the water resources in 
the Krishna river basin is therefore needed. The Krishna has a tropical climate and the southwest monsoon 
provides most of the rainfall in the period June to October (90% of the yearly rainfall). Agricultural areas 
cover about 76% of the total surface of the basin. Around 40,000 surface water reservoirs are located in the 
Krishna basin. The development of water resources is continuing with 76 major and 135 medium irrigation 
projects currently planned in the basin. With a growing population (currently more than 66 million), growing 
demand for food production and the intense water resources development, the basin is under severe 
environmental pressure. 

2. We developed water accounts to analyse the water resources conditions of three sub-basins of 
Krishna located in Karnataka state: Middle Krishna (K2), Ghatprabha (K3), and Malprabha (K4) using the 
Water Accounting Plus (WA+) framework developed by IHE Delft and its partners, FAO and IWMI. The 
analysed period is the hydrological years from 2010-2011 to 2017-2018 and results are provided as spatial 
monthly and yearly maps, water accounting sheets and indicators (monthly and yearly scale). Inputs for our 
study are Remote Sensing (RS) global open-access datasets and in-situ measurement provided by ACIWRM 
for validation purposes. This report describes the Remote Sensing data analysis and data selection, the 
methodology used for the study, presents the final results and provides recommendations for water 
resources management. 

3. There are three main crop seasons in the area: Kharif, Rabi, and Zaid. Large reservoirs are present, 
the largest ones being Narayanapur and Almatti, accounting for 2.1% of the analysed area. The three sub-
basins receive an average precipitation of 644 mm/yr. K3 and K4 have higher yearly average rainfall than the 
downstream sub-basin K2, reaching more than 1,000 mm/yr during wet years, while K2 yearly rainfall 
reaches a maximum 800 mm/yr in the period 2006-2018. Eight yearly land use maps were developed and 
used for the study area based on existing local LU maps. The three sub-basins are highly modified by human 
activity and the land is mostly utilized for agricultural purposes (84% on average of the eight years including 
fallow land).  

4. Several RS datasets are available which estimate precipitation (P) and evapotranspiration (ET). In this 
study we select the best datasets based on: (a) inter-comparison of products, (b) validation using in-situ 
measurement, (c) yearly water balance assessment and comparison with in-situ discharge measurements, 
(d) availability of data in recent years. CHIRPS dataset was selected for precipitation measurements and 
SSEBop for actual ET estimates. RS-ET data shows a less pronounced month-to-month and seasonal 
variability than precipitation, with higher ET values in the monsoon season where water and energy are 
abundant and lower in the winter months. 

5. K3 has the highest average ET followed by K2 and K4 (664, 626 and 509 mm/yr). Reservoirs have the 
highest total ET (up to 1,500 mm/yr) followed by other water bodies and irrigated areas (mostly located in 
K3 and 2). A large portion of the three sub-basins is covered by fallow land which shows extremely low ET 
values (100-200 mm/yr). These low values seem unrealistic for this climatic zone where rainfall reaches up 
to 600 mm/yr. The upstream mountainous areas of the three sub-basins generate most of the runoff (up to 
about 1,000 mm/yr) while the agricultural areas and the water bodies are net consumer (up to 1,000 mm/yr). 
The long-term average water yield (P-ET) is negative in K2 and positive in K3 and K4. K2 is the most 
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downstream sub-basin, receives the lowest amount of rainfall while being intensively used for agriculture. 
K3 and K4 are therefore generating water, part of which is then consumed in K2. 

6. The water accounting methodology, its technical steps, and the interpretation of the water 
accounting results have been discussed during a series of training sessions organized by IHE Delft for staff of 
the Advanced Center of Water Resources Management. Because of the current pandemic, the initially 
planned face-to-face training program has been moved to online. It consisted of one session in India covering 
the data acquisition and data processing (using Python open source software) and one online session 
covering the water balance computation, the accounting sheets generation and their interpretation. 22 
participants were enrolled in the online platform.  
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II. PROJECT BACKGROUND 
7. 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 IWMI and FAO, will support ADB 
in achieving this objective. 

8. The activities proposed for the current TA build on the work previously undertaken by IHE Delft in 
cooperation with the Asian Development Bank (ADB) to assess crop water productivity and the water 
resource 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.  

9. Water accounting 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. The water accounting methodology is detailed described in the “Water Productivity and Water 
Accounting: Methodology Manual” report submitted to ADB in the frame of this TA (Mul et al., 2020).  

10. The current TA provides assistance to projects in 7 countries, including Cambodia, India, Indonesia, 
Kazakhstan, Mongolia, Philippines, and Sri Lanka. In Karnataka both a water accounting assessment and a 
water productivity study has been carried out to support the water resources management plan which is 
being developed in three sub-basins of Krishna. The information generated by this study is made available 
through an online platform develop developed by FAO and through training of local partners. 

A. TRAINING on WATER ACCOUNTING 

11. ACIWRM was actively involved in the first phase of piloting WA+ in Karnataka and has expressed the 
desire of mastering the WA+ methodology by the end of the second phase. We therefore decided that a few 
sessions of training in India with WA+ experts from IHE Delft was not sufficient to achieve the objective. We 
have set up an eLearning page for participants of the training where the methodology is described in details 
and which was used for communication and exchange between face-to-face training sessions. Participants 
have also selected one of the three sub-basins for performing the WA+ analysis autonomously under the 
supervision of IHE Delft staff. All Python scripts, developed for data download, data processing, and WA+ 
computations were shared with the participants. Finally, compared to phase one, that saw the participation 
of a large group from ACIWRM and the Ministry of Water Resources, in phase two the invitation to attend 
the training sessions in India and online has been extended to universities, NGOs, and the private sector. A 
total of 22 participants were registered to the online platform and 34 were enrolled for the final online 
workshop. After the finalization of this report, IHE Delft will connect with ACIWRM to collect feedback on 
the analysis, on the training program and to evaluate the most appropriate follow up.  
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III. WATER ACCOUNTING 
A. Study area description 

12. The Krishna river basin is the fifth largest river system of India with a total catchment area of about 
255,000 km2, covering 8% of the total surface of the country (Figure 1). With a length of 1,400 km, the Krishna 
basin extends between 73°17’ to 81°9’ east longitude and 13°10’ to 19°22’ north latitude, flowing through 
four Indian states: Karnataka (44%), Maharashtra (26.7%), Telangana (20%), and Andra Pradesh (9.3%) (India-
WRIS, 2012; CWC & NRSC, 2014). The river flows West to East from the Western Ghats in Maharashtra and 
Karnataka, and discharges an average of 69.8 km3/yr into the Bay of Bengal (Biggs et al., 2007).  

 
Figure 1: Location of the Krishna river system (sources: Indian states (ACIWRM digital data), Krishna basin boundary (Lehner & Grill, 
2013), river network and major water bodies). 

13. The climate is regulated by the southwest monsoon providing most of the rainfall in the period June 
to October (90% of the yearly rainfall). The average yearly rainfall (1969-2004) is about 860 mm/yr (CWC & 
NRSC, 2014). Three climatic zones can be identified as: tropical humid in the western areas, semi-arid in the 
central and eastern part of the basin, and arid in the south-central part.  

14. Agricultural areas cover about 76% of the total surface of the basin, while forest, wasteland, water 
bodies, and urban areas account for about 10, 7, 4 and 2% respectively (CWC & NRSC, 2014). Around 40,000 
man-made and natural surface water bodies are located within the Krishna basin, they are used for irrigation, 
drinking water supply and leisure. A total of 660 dams have been constructed for irrigation and electricity 
production. The largest reservoir is the Srisailam reservoir with a gross storage capacity of 8,722 Mm3 (CWC 
& NRSC, 2014). According to the Krishna basin report prepared by the Central Water Commission and the 
National Remote Sensing Center in 2014 (CWC & NRSC, 2014), the development of water resources is 
continuing with 76 major and 135 medium irrigation projects planned in the basin. Finally, seven inter-basin 
water transfers are currently planned moving water in and out of the basin (CWC & NRSC, 2014; Smakhtin 
et al., 2007). 
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15. With a growing population (currently more than 66 million), growing demand for food production 
and the intense water resources development, the basin is under severe environmental pressure. According 
to Biggs et al. (2007), the river discharge to the ocean has significantly decreased from the pre-irrigation 
period (1901-1960) in average from 56 km3 to 13 km3 (1901-1960) and the Krishna basin is closing not just in 
the downstream part but also upstream. Water is primarily managed at the state level however, for water 
resource planning, the physical boundaries should be considered. For this reason, in 2014, the Krishna River 
Management Board was established under the Ministry of Water Resources, River Development & Ganga 
Rejuvenation (Government of India) with participants of all riparian states. Water Accounting and Remote 
Sensing (RS) data can provide essential information on water resources conditions and help monitoring old 
and new irrigation projects.  

16. In this study, we analysed three sub-basins of the Krishna basin in Karnataka state: Middle Krishna 
(K2), Ghatprabha (K3), and Malprabha (K4) (Figure 2 and Table 1). Not all of the analysed sub-basins are 
headwaters: K2 and K3 receive water from upstream Maharashtra state. For this study, only the portion of 
the sub-basins in Karnataka state is considered and inflows are estimated using in-situ measurements when 
available. In location where inflows are not estimated we used the difference between RS precipitation and 
evapotranspiration over the upstream area.  

 
Figure 2: Overview of the Krishna sub-catchments that are analysed with WA+ (sources: Indian states (DIVA-GIS, n.d.), Krishna 
basin boundary (Lehner & Grill, 2013), sub-basin boundary obtained from ACIWRM) 
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Table 1: details on the analysed Krishna sub-basins (source area: (ACIWRM, 2019), rainfall (Funk et al., 2015)). The yearly 
average rainfall is computed considering the hydrological year (June-May) 
 

Sub-basin Area in 
Karnataka (km2) 

% area of Krishna 
basin in Karnataka 

Average elevation 
(m) (min and max) 

Average yearly rainfall (mm/yr), 
CHIRPS (2006-2018) (min and max) 

K2: Middle Krishna 15,829 13.93% 530 (308-796) 594 (403-808) 
K3: Gatprabha 6,833 6.02% 633 (484-1024) 714 (450-997) 
K4: Malprabha 11,780 10.38% 627 (167-1022) 671 (467-915) 

Total: 34,442 30.33%           Average: 583 (167-1024) 644 (445-882) 
 

 

 

17. The elevation of the three analysed sub-basins ranges from about 1000 m in the upstream part 
(West) to about 170 m at the outlet of K2 (North-East) (Lehner et al., 2008). The sub-basins receive an average 
precipitation of 644 mm/yr. K2 has the lowest average rainfall (around 600 mm/yr), with dry years receiving 
only 400 mm/yr and wet years up to 800 mm/yr. K3 and K4 have higher yearly average rainfall than K2 (714 
and 671 mm/yr respectively), reaching around 1,000 and 900 mm/yr during wet years (Figure 3 and Table 1). 
Average annual precipitation has a clear spatial gradient, with over 2,000 mm/yr in the mountainous areas 
in the West while the lowland areas in the centre of the study area receives less than 500 mm/yr (Figure 4). 

 (a) 

 (b)  
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 (c) 
 

  
Figure 3: Yearly average precipitation in the period 2007-2019 of the K2, K3, K4 sub-basins (a, b, c). Source: (Funk et al., 2015) 

 
Figure 4: Spatial variability of average annual precipitation, 2006-2018 (CHRIPS data (Funk et al., 2015)). The aggregation is done 
using the hydrological year (June-May). 

18. The three sub-basins receive over 90% the rainfall during the monsoon season and pre-monsoon 
months (May and June-October), in average 495 mm, while the dry season only receives 148 mm (Figure 5). 
Rain peaks in September in all analysed sub-basins. The official hydrological year starts in June and ends in 
May. Additional plots showing the spatial variability of monthly rainfall in K2, K3 and K4 are presented in 
Annex 3. 
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 (a) 

 (b) 

 (c) 
Figure 5: Monthly average precipitation in the period 2007-2019 of the K2, K3, K4 sub-basins (a, b, c). Source: (Funk et al., 2015) 

19. Eight yearly land use maps were developed for the study area (2010-2011 to 2017-2018) with a 
resolution of 0.0025 degrees (about 270 m) using already existing data without performing additional field 
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survey and without implementing classification algorithms. The base data used is the land cover map of 
Karnataka state developed by NRSC at 30 m resolution, provided by ACIWRM (NRSC, 2006). This map 
provides spatial information on 17 different land cover types which include the season of the main crop 
types. Other data used are: map of the command areas provided by ACIWRM (used to identify irrigated and 
rainfed areas), and a map of protected sites from the World Database on Protected Areas (UNEP-WCMC & 
IUCN, 2019). More details on the methodology and data sources can be found in Annex 1. 

20. As an example, Figure 6, presents the land use land cover map of the year 2017-2018. The three sub-
basins are highly modified by human activity and the land is mostly utilized for agricultural purposes (84% on 
average of the eight years including fallow land). There are three main crop seasons in the area: Kharif, Rabi, 
and Zaid. Kharif crops, generally grown between May to October in Karnataka, include maize, cotton and 
paddy rice. Rabi crops are generally sown in October-November and harvested in early spring, typical Rabi 
crops in the study area are pulses and jowar (sorghum). Zaid or summer crops are grown between the Rabi 
and Kharif seasons (e.g. ground nut).  

21. Large reservoirs are present in the area, the largest ones being Almatti and Narayanapur with a gross 
storage capacity of 1,196 and 1,066 Mm3 (CWC & NRSC, 2014). Wasteland covers 7.4% of the analysed area, 
reservoirs and surface water bodies 3.6%, build-up areas 2.2% of the three sub-basin system, and protected 
areas 0.03% (9.5 km2). 

22. Between 2010 and 2018, cultivated areas reduced by 16.5% equivalent to an area of 3,400 km2 of 
cropped land. The sharpest decline is noticeable for irrigated double and triple crops (-42%) while irrigated 
Kharif crops show the opposite trend with an increase of 8%. If we take into account the fallow land no 
significant change is recorded (Figure 7). The shift in cropping patterns is analysed in terms of water 
availability fluctuations in drought years in this water accounting study. In the period 2010-2018 a decrease 
is observed in precipitation and evapotranspiration. A detailed land use change analysis is however beyond 
the scope of the present report as land decommissioning might be cause but other factors than water (socio-
political drivers). 

 
Figure 6: Land Use Land Cover map developed for WA+ analysis for the year 2017-2018. The map was developed without field 
survey and therefore without independent validation. Description of the methodology can be found in Annex 1. 



10 
 

 
Figure 7: Temporal changes of land cover surfaces in the three analysed sub-basins. 

23. In water accounting, the land use map is also used for dividing the basin landscape into the four main 
categories (PLU, ULU, MLU, MWU). Four main categories of land and water uses are distinguished: 

• Protected Land Use (PLU); areas that have a special nature status and are protected by National 
Governments or Internationals NGO’s 

• 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 

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

24. Each land use type is therefore assigned to one of the four categories according to Table 2. The 
results of the present water accounting study are presented at the level of land use type and land use 
category.  

Table 2: WA+ land use classification used in K2, K3 and K4, and the respective land use categories. 

Land Use Categories Land Use Classes Land Use Categories Land Use Classes 

PLU 

Protected forest 
Protected shrubland 

MLU Rainfed forest plantation 
Rainfed crops – Kharif 
Rainfed crops – Rabi 
Rainfed crops – Zaid 
Fallow land 
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ULU 

Open deciduous forest 
Open evergreen forest 
Shrubland 
Herbaceous cover 
Rivers 
Waste land 

MWU Irrigated forest plantation 
Irrigated corps – Kharif 
Irrigated crops – Rabi 
Irrigated crops – Zaid 
Irrigated crops – double/triple 
Managed water bodies 
Urban paved surfaces 

25. The underlying reason for framing these four land use categories is that their management options 
widely differ from keeping them pristine to planning hourly water flows. PLU areas only cover a small portion 
of K3 (<1%), natural lands (ULU) 4-5% for all three sub-basins. In K2 and K3 MLU and MWU have similar 
coverage (around 50%), while in K4 irrigated agriculture is less developed and MWU only accounts for 63% 
(Figure 8).  

  

 

              

Figure 8: LULC categories distribution in K2, K3 and K4 (average of the 8-year period 2010-2011 to 2017-2018). ULU = Utilized Land 
Use, MLU = Managed Land Use, MWU = Managed Water Use 

 
B. Summary of the approach 

26. Water Accounting is often defined as the systematic acquisition, analysis and communication of data 
and information related to water resources condition within a geographical domain such as an irrigation 
system or a river basin (FAO, 2012; Batchelor et al., 2016). In generic terms, the process of water accounting 
can be summarized by three steps: (1) Data collection, (2) Data analysis, (3) Communication (Figure 9). Water 
Accounting + is a water accounting system that analyses and reports information at the river basin scale using 
mainly remote sensing and other open access data (Karimi et al., 2013; Mul et al., 2020). 

 
Figure 9: The process of water accounting consists of three main steps: Data collection, data analysis and communication 

27. The water accounting analysis of the three basin is performed for historical years in the period 2010-
2018. Time series analysis of input data, such as rainfall and actual evapotranspiration, is however performed 

Data collection 
gaps identification

Data analysis 
from data to 
infomation

Communication
making information 

available to stakholders
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using a larger observation period (1981-2019) and validation using available in-situ data. Water accounts are 
produced at monthly time scale and 250 m spatial resolution. The main steps of the methodology are 
described in Table 3 and Mul et al. (2020). 

Table 3: The water accounting study of the three selected sub-basins is performed following these main steps 
STEP Description 
1 Data Collection 1a: RS data period 2010-2018 

Rainfall, actual evapotranspiration, vegetation parameters, biomass, DEM, soil moisture, gravity 
anomaly 
1b:in-situ and/or local data 
Land use map, rainfall, river flow, reservoirs storage change, sub-basin boundaries, agriculture 
statistical records 
1c: ancillary data 
Protected areas, population data, statistical records of crop production 

2 Data quality control 2a: Evaluation/validation of RS data with in-situ records 
2b: Yearly water balance assessment and uncertainty estimation 
2c: Bias and other statistical corrections of historical RS data (if necessary) 

3 Development of land 
use map 

3a: assessment of irrigated and rainfed areas using and comparing various existing spatial layers 
(command areas, RS precipitation and actual ET, irrigated and rainfed mask from external 
sources) 
3b: reclassification initial land use land cover map according to WA+ standards 
3c: analysis and evaluation of the developed land use map 

4 Computations 4a: development of Sheet 2 focusing on water consumption 
4b: spatially-distributed computations of seasonal biomass production and biomass water 
productivity for the main cropping seasons at 250 m resolution 
4c: estimation of spatially-distributed green and blue water consumption 
4d: development of Sheet 3 focusing on agriculture water use and agriculture production 
4e: estimation of the monthly water balance at pixel level which also estimates water 
withdrawals 
4f: estimation of water demand in agriculture and natural areas 
4g: computation of remaining WA+ sheets (4-7) 

5 Results evaluation 5a: critical review of the WA+ results 
5b: comparison of WA+ water balance results with river basin modelling results generated by 
ACIWRM (SOURCE model for K2, K3, K4, and possibly K8) 
5c: development of a conceptual framework for using WA+ for scenario analysis 

6 Reporting 6a: inception report 
6b: final report 
6c: (online) manual describing in details the computational steps followed in this analysis 
6d: Python scripts developed for this analysis will be transferred to ACIWRM together with all 
the results and digital (RS) maps downloaded or generated  
6f: policy brief focusing on the use of WA+ results for policy makers and river basin 
management plans 

 

1. Data 

28. The open access remote sensing data and other datasets downloaded for this study are summarized 
in Table 4, the full list of references is available in Annex 2. Not all the data listed has been used for this study, 
data has been analysed and the most suitable datasets have been selected. The description of this process 
is available in the next sections. All the data collected for this study will however be delivered to ACIWRM 
together with the Python scripts for download and processing. 

  



13 
 

Table 4: Overview of the (remote sensing) open access data which have been downloaded for the WA+ study of K2, K3 and K4, the 
last column highlight which data set has been selected for the study. 

Dataset Start 

20
07

 

20
08

 

20
09

 

20
10

 

20
11

 

20
12

 

20
13

 

20
14

 

20
15

 

20
16

 

20
17

 

20
18

 

20
19

 Temporal 
resolution 

Used 

Precipitation 
CHIRPS 1981              monthly X 
CHIRPS 2007              daily X 
GPM v5 2014              monthly  
GPM v6 2007              monthly  
GPM v6 2007              daily  
TRMM 1998              monthly  

Evapotranspiration 
SSEBop 2003              monthly X 
ALEXI 2003              monthly  
CMRSET 2003              monthly  
ETens 2003              monthly  
SEBSs 2000              monthly  

Other data 
ASCAT (SWI) 2007              daily  
MODIS LAI 2007              8-daily X 
MODIS GPP 2007              8-daily  
MODIS NPP 2007    Data is currently unavailable due to unexpected errors in the input data yearly  
PROBA-V DMP 2014              decadal X 
GDMP 2014              decadal X 
ET reference1 2007              monthly X 
ET reference3 2007              daily  
GRACE 2003              monthly  
GLDAS qs (fast runoff) 2007              monthly  
GLDAS qbs (baseflow) 2007              monthly  

 

A. Rainfall data 

29. Three remote sensing (RS) precipitation datasets are available (CHIRPS, GPM, and TRMM). GPM v6 
is the newest mission, a follow-on to TRMM mission and it was launched in 2014, it replaces GPM v5 and 
estimates P values before the launch of the satellites in 2014 using the Tropical Rainfall Measurements 
Mission (TRMM) data. The instruments on TRMM (Liu et al., 2017) stopped operating in 2015 even if 
composite data is available up to present day. TRMM has the lowest resolution (0.25 degrees which is roughly 
28 km), while GPM (Global Precipitation Measurement, (Huffman et al., 2014)) and CHIRPS (Climate Hazard 
Group InfraRed Precipitation with Station data, (Funk et al., 2015)) have 0.1 degrees (11 km) and 0.05 degrees 
(5 km) resolution respectively. CHIRPS uses TRMM data (more recently GPM data) in combination with 
station data. 

30. Data selection has been performed by comparing the different datasets among each other, by 
comparison with in-situ observations (138 stations with rainfall data in the period 1986-2018) and by water 
balance considerations (see water balance section). Finally, the selection takes into account the availability 
of data in recent years.  

31. The comparison of the yearly totals estimated by the three datasets is presented in Figure 10 for 
each analysed sub-basin. It can be observed that the three RS products show similar temporal variability but 
differences in the absolute values exists. CHIRPS annual totals are generally lower than the TRMM and GPM 
estimates. No clear temporal trends are visible from the remote sensing observations. 

                                                           
 

1 Based on DEM from HydroSHED, radiation from CFSR data, and climatic variables from GLDAS data. 
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Figure 10: Comparison of three RS precipitation datasets (total yearly rainfall in mm/yr) for the three analysed sub-basins K2, K3, and 
K4. Period: 1981-2019 

32. The spatial distribution of average yearly rainfall provided by the three products is similar. All 
products show higher rainfall rates in the upstream area and lower values in the lowlands (Figure 11). As 
highlighted in the yearly time series analysis, CHIRPS generally reports lower values of rainfall but has a higher 
spatial resolution. After visual comparison, the three RS dataset were compared to measured values. 
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Figure 11: Spatial distribution of yearly total rainfall in 2019 as estimated by three different RS products (TRMM, GPM and CHIRPS) 

33. In-situ rainfall data for this study was provided by ACIWRM for the three analyzed sub-basins. In 
Figure 12 the location of the measurements stations is presented. Python scripts were developed and shared 
with ACIWRM for pre-processing of in-situ data and for computing basic statistical indicators of fit (Nash-
Sutcliffe Coefficient (NS), Pearson Coefficient, Relative Bias, and Root Mean Square Error (RMSE)) between 
on-the-ground observations and satellite observations (three datasets: CHIRPS, TRMM and GPM). The Nash-
Sutcliffe Coefficient is often used to assess the predictive shills of hydrological models (fit between simulated 
and measured outflow); NS=1 indicated a perfect simulation, NS=0 indicates that that the model has the 
same predictive skill as the average of the observations. The Pearson Coefficient measures the linear 
correlation between the simulated and observed values; it varies between -1 and +1 with +1 indicating 
positive correlation, 0 no correlation and -1 negative correlation. Relative bias is computed as the ratio 
between the average of the observation and the average of the simulated values; a value of 1 indicates there 
is no bias, values lower than 1 indicate that the simulation overestimate the true values, while the opposite 
is true with a value higher than 1. Finally, the Root Mean Square Error is “the standard deviation of the 
residuals (prediction errors) […], it tells how close the data is to the line of best fit”2; RMSE is always non-
negative and a value of 0 would indicate a perfect match. 

                                                           
 

2 Stephanie Glen. "RMSE: Root Mean Square Error" From StatisticsHowTo.com: Elementary Statistics for the rest of 
us! https://www.statisticshowto.com/probability-and-statistics/regression-analysis/rmse-root-mean-square-error/ 
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Dataset Average 
NS 

Average 
Pearson 
Coefficient 

Average 
Relative 
Bias 

Average 
RMSE 

CHIRPS 0.32 0.73 0.93 52.67 
TRMM 0.45 0.77 0.68 71.12 
GPM 0.48 0.78 0.71 62.88 
Ideal 
value 

1.0 1.0 1.0 0.0 

Figure 12: Location of in-situ rainfall measurement stations available for validation of RS-based rainfall data and results of the 
comparison between RS-data and in-situ measurements 

34. GPM dataset outperforms the other two datasets in the Nash-Sutcliffe coefficient and Pearson 
coefficient and it ranks second in relative bias and RMSE and CHIRPS performs better in terms of relative bias 
and RMSE. GPM is the newest dataset (most recent satellite mission replacing TRMM). The disadvantage of 
GPM is the lower spatial resolution when compared with CHIRPS, 0.1 degree versus 0.05 degrees. CHIRPS 
performs sensibly better in terms of water balance (explained in Section C Yearly Water Balance and Annex 
4), for these reasons, water accounts are created using CHIRPS data. As an example, in Figure 13 we present 
the comparison of the two best-matching station and the two stations with the worst match in terms of 
RMSE. CHIRPS seems to perform better in central part of the analyzed area (low precipitation) and tends to 
underestimate rainfall in the upstream areas as shown in Figure 14 where we spatially present the RMSE.   

Walmi station in K4 (RMSE = 32.93) 
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Rybakova station in K2 (RMSE = 34.91) 

 
 

 Jamboti station in K4 (RMSE = 169.17) 

 
 

Gunji station in K4 (RMSE =146.10) 

 
 

Figure 13: Scatter plots of in-situ rainfall measurements versus RS-based RS estimate in four locations across the study area. 
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Figure 14: Spatial distribution of the RMSE efficiency when CHIRPS data is compared with the 138 rainfall station in the period 1986-
2018 

B. Evapotranspiration data 

35. No in-situ data of actual ET is available for this study. Five different RS-based ET products have been 
collected for K2, K3, and K4 in the period 2003-2019. A comparison on the yearly total actual 
evapotranspiration data is presented in Figure 15. CMRSET generally estimates higher ET than other products 
(100-200 mm/yr higher ET), SEBS has the lowest estimates in K2 and K3 (up to 300 mm/yr lower than the 
other products). ETens, ALEXI and SSEBop have similar values and similar spatial trends. SSEBop is the only 
RS products providing data for recent years and has a higher spatial resolution than other products. 

 

 
Figure 15: Time series of total yearly actual evapotranspiration for the three analysed sub-basins. Values are expressed in mm/yr 

and we compare five different ET products: ALEXI, CMRSET, ETens v1, SEBS and SSEBop 
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36. RS-ET data shows a less pronounced month-to-month and seasonal variability than precipitation. In 
particular, CMRSET data is in the range 55-70, 70-90, and 30-70 mm/month in K2, K3, and K4 respectively. 
SEBS, ETens, and SSEBop show a stronger monthly variability with higher ET values in the monsoon season 
and lower in the winter months (Figure 16) which is linked to the higher amount of water available for 
evapotranspiration. 

 

 
Figure 16: Comparison of monthly ET estimates from five RS evapotranspiration products (ALEXI, CMRSET, ETens v1, SEBS, SSEBop). 
Values are monthly averages in the period 2003-2019 and are expressed in mm/month. 

37. The spatial distribution of yearly ET, presented in Figure 17, shows that reservoirs have higher total 
ET (up to 1,500 mm/yr) followed by other water bodies and irrigated areas which is consistent with the values 
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in the central part of Krishna basin (Ahmad et al., 2006). Low values of ET are around 100 mm/yr which seems 
very low for this climatic zone considering that these zones receive up to 600 mm/yr rainfall. 

 
Figure 17: Average annual actual evapotranspiration (period: 2006-2018, SSEBop product). Values are expressed in mm/yr 

38. We performed a qualitative analysis of spatial patters of ET by comparing SSEBop estimates with the 
spatial patterns of other independent spatial dataset. In Figure 18, we compare the total annual average ET, 
estimated by SSEBop, with some command areas’ location (data provided by ACIWRM). SSEBop, in these 
areas, is estimating high ET values within the command areas and low ET outside. We also compared areas 
of low ET with the land use map, pixels classified as fallow land for at least three years (period 2010-2018) 
and found a good agreement between the two independent datasets (Figure 19). Maps showing the monthly 
spatial variability are included in Annex 3. 

 
Figure 18: Comparison of annual average ET (SSEBop 2006-2018) with command areas. ET inside the command areas (green/blue 
colour) is higher that outside (orange/red). 
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Figure 19: Comparison of spatial location of low ET estimates (SSEBop annual average 2006-2018) with pixels classified as fallow land 
for at least three years in the period 2010-2018 (darker colour). 

39. SSEBop has been selected for the WA+ analysis of K2 K3 and K4  backed by qualitative analysis:  (a) 
it is the only available open access ET dataset for analysing recent years (up to 2019), (b) SSEBop actual ET 
has estimates close to the average of the other products (Figure 15), (c) it has a high spatial resolution (0.0097 
degrees), and (d) it has a plausible spatial distribution with high ET values (>1,500 mm/yr) over water bodies, 
irrigated areas and areas with high rainfall values, and low ET values (< 200 mm/yr) in dry fallow land areas. 
Based on our experience SSEBop has proven to be a superior product providing more accurate spatial 
distributions and yearly totals. Additionally, recent literature also suggests that SSEBop is among the RS-
based products that can best capture the magnitude of ET, low biases and a good spatial distribution of ET 
patterns (Weerasinghe et al., 2020) and (FAO & IHE Delft, 2019a). 

40. RS data of actual evapotranspiration cannot be validated with in-situ measurements, in the next 
sections we analyze the combination of CHIRPS/GPM with SSEBop data by: (a) by estimating the yearly water 
balance using remote sensing data and comparing the results with outflows measured at various stations in 
the sub-basins, and (b) computing the spatial water yield and relation of water yield with land use. 

C. Yearly Water Balance 

41. The yearly water balance (hydrological year) was computed to check the consistency of the 
combination of P (GPM v6 and CHIRPS) and ET (SSEBop). The yearly outflow computed using remote sensing 
data was compared with in-situ records at eight stations. The simplified balance is described by: 

∆𝑆𝑆
∆𝑡𝑡

= 𝑃𝑃 − 𝐸𝐸𝐸𝐸 − 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑄𝑄𝑖𝑖𝑖𝑖 Eq.1 

42. Where  

∆𝑆𝑆
∆𝑜𝑜

  is the total change is storage in the hydrological system (Mm3/yr) 



22 
 

P  is the rainfall (Mm3/yr) 
ET is the actual Evapotranspiration (Mm3/yr) 
Qout is the river discharge at the outlet (Mm3/yr) 
Oin in the inflow into the basin (Mm3/yr)  

43. This approximated water balance is used to evaluate the consistency of the various RS products 
before preparing water accounts. We initially neglect groundwater flow but we take into account the 
groundwater storage change by using GRACE data in the largest catchment. GRACE (Gravity Recovery and 
Climate Experiment) and its Follow On (GRACE-FO) provides estimates of the total water storage anomalies 
(TWSA) which also includes groundwater storage change (see e.g. (Ramillien et al., 2008)). There are several 
GRACE solutions for TWSA estimation, which cover the globe from 2002 till present time: produced by JPL, 
CSR, and GFZ. In this study we use the ensemble mean to reduce the noise in the gravity field solutions as 
recommended by (Sakumura et al., 2014). Since GRACE solution provides mean monthly TWSA not the exact 
TWSA of the first and last day of the month, change of storage in a time period was approximated using a 
second order central difference as proposed by Biancamaria et al. (2019).  

 
Figure 20: Location of the eight in-situ river flow measurements used for comparison with the RS datasets. 
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Figure 21: Location, shape and area of the eight catchments contributing to the flow at the measurement stations. 



24 
 

44. Qin is not considered in our computations as we do not have any information on inter-basin transfer. 
We however used hydrological boundaries as the physical unit for the water balance, we therefore included 
upstream areas that are not within Karnataka state. The in-situ measurements of Qout are available at eight 
locations (Figure 20) up to May 2017. Shapes of the catchment draining at the measurement stations were 
provided by ACIWRM (Figure 21). The nine catchments are: (1) Tinthini, located downstream, is the largest 
(52,271 km2), it covers K3 and K4 fully, large portion of K2 and upstream areas in Maharashtra, (2) Menasagi 
has a catchment area of 4,397 km2 and it is a sub-basin of K4, (3) Lolsur outlet is located in K3 and part of the 
catchment is upstream K3 (the total surface is 3,907 km2), (4) Alagawadi is a sub-basin of K4 (1,233 km2), (5) 
Chikkalgud flows into K3 and most of its area is located upstream K3 (1,056 km2), (6) Sarwad is a sub-basin 
of K2 with a small area located upstream K2 (637 km2), (7) Khanapur is a sub-basin of K4 (518 km2), (8) Huldi 
is a sub-basin of K3 (265 km2), and (9) Uppinabetageri is a small sub-basin of K4 (257 km2). The yearly water 
balance analysis has been performed for each catchment separately and the main observations are discussed 
below.  

TINTHINI 

45. Tinthini is the largest catchment analysed for supporting the selection of the most appropriate RS 
products (precipitation). The outlet is located in the Raichur district (Lingsugur district). The catchment 
covers K3 and K4 entirely and a large portion of K2 (52,597 km2). There is no significant longer-term trend in 
storage change (ΔS) as observed by the three analysed GRACE solutions (Figure 22), only seasonal variations 
are present. Figure 23 shows the plot of the cumulative storage in Tinthini catchment based on GRACE data 
(ensemble mean) compared to CHIRPS – SSEBop and GPM – SSEBop. P-ET has a larger variation within one 
year than GRACE estimates but the three datasets show not significant trend indicating that the total storage 
in not significantly increasing nor decreasing. P-ET has a larger variation within one year than GRACE 
estimates. Both remote sensing products (GPM and CHIRPS) overestimate the measured outflow in the 
period 2006-2017 (Figure 24). CHIRPS performs sensibly better than GPM as the total observed flow is only 
6% lower than the CHIRPS water balance while it is 101% lower than GPM estimates (Table 5). The average 
P-ET-ΔS is 687 Mm3/yr higher than the average of the measured outflow (CHIRPS data). The largest 
differences occur in the years 2011-2012 and 2015-2016 which are both dry years and CHIRPS water balance 
overestimate the outflow. Pearson correlation of CHIRPS water balance and GPM water balance with the 
measured outflow are 0.73 and 0.69 respectively (only 11 points are considered). 

 
Figure 22: Longer term trend of water storage change in the Tinthini catchment provided by GRACE gravity measurements (source: 
https://ccar.colorado.edu/grace/gsfc.html) 
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Figure 23: Cumulative monthly difference of P-ET-Qout (blue line: based on GPM data, grey line: based on CHIRPS data) and GRACE 
TWSA (ensemble mean) for the Tinthini catchment. 

 

 
Figure 24: Total discharge measured at outlet of Tinthini compared with P-ET-

∆𝑆𝑆

∆𝑡𝑡
 (green bars: GPM data, grey bars: CHIRPS data). 
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Table 5: The average P-ET-ΔS (using CHIRPS and GPM data) of the Tinthini catchment compared with the measured outflow (unit: 
Mm3/yr). 

 In-situ SSEBop GRACE GPM CHIRPS 
Year Q ET ∆𝑺𝑺

∆𝒕𝒕  P P-ET-∆𝑺𝑺
∆𝒕𝒕

 Diff % Diff P P-ET- ∆𝑺𝑺
∆𝒕𝒕

 Diff % Diff 

2006-2007 33,639 32,084 -1,222 64,336 33,474 -166 0 52,542 21,679 -11,960 -36 
2007-2008 23,849 33,374 1,074 72,160 37,713 13,863 58 64,411 29,964 6,115 26 
2008-2009 13,862 29,176 -1,207 54,309 26,340 12,478 90 38,516 10,546 -3,315 -24 
2009-2010 14,306 36,422 516 67,095 30,157 15,851 111 53,047 16,109 1,803 13 
2010-2011 12,477 38,182 2,396 71,527 30,950 18,472 148 64,351 23,773 11,296 91 
2011-2012 5019 32,555 -2,883 55,844 26,171 21,153 421 39,553 9,880 4,862 97 
2012-2013 6037 29,433 -296 47,827 18,689 12,653 210 35,197 6,060 23 0 
2013-2014 13,816 37,057 703 58,839 21,078 7,262 53 48,608 10,847 -2,969 -21 
2014-2015 10,320 38,304 712 55,978 16,962 6,642 64 43,844 4,828 -5,492 -53 
2015-2016 1,560 26,406 -2,372 39,669 15,635 14,075 902 29,287 5,253 3,693 237 
2016-2017 8,956 31,172 -167 62,429 31,424 22,468 251 43,469 12,463 3,507 39 
Average 13,076 33,106 -250 59,092 26,236 13,159 101 46,620 13,764 687 6 

 

46. The water balance results of the other eight catchments is presented in Table 6 and details are 
provided in Annex 4. The water balance computed using CHIRPS data is generally better than the one using 
GPM data. There are however large differences between the RS estimation of outflows and the in-situ 
measurements particularly at Sarwad and Menasagi where the CHIRPS water balance over-estimates the 
outflow, and Khanapur and Chikkalgud where the RS data underestimate the outflow. RS flow estimates at 
Tinthini are in good agreement with the measured flows, the other eight stations are located within Tinthini 
catchment. All catchments are highly modified by human activity and command areas cross the hydrological 
borders, it is therefore likely that inter-basin transfer occurs and that it might explain the less satisfactory 
agreement between RS flow estimates and measured outflow at the smaller catchment scale. 

Table 6: Overview of the yearly remote sensing-based water balance results compared with measured outflows at seven stations 
(unit: Mm3/yr). 

 In-situ SSEBop GPM GPM 
Catchments Q ET Q Diff % Diff Q Diff % Diff 
Menasagi 418 1,823 2,667 2,249 538 969 551 132 
Lolsur 1,633 3,183 3,137 1,505 92 1,943 311 19 
Alagawadi 122 578 924 802 656 230 108 88 
Khanapur 1,348 581 480 -868 -64 295 -1,053 -78 
Chikkalgud 1,990 864 977 -1,014 -51 678 -1,312 -66 
Sarwad 80 191 196 116 144 200 120 149 
Hudli 115 190 215 100 87 98 -17 -15 
Uppinabetageri 25 160 207 183 741 57 33 133 

 

D. Water yield and water consumption per land use 

47. The three sub-basins are not all head water catchments. A scheme of the inflows is presented in 
Figure 25. K3 and K4 drains into K2, the outflow results of K3 and K4 is therefore used as inflows into K4. 
Additionally, K3 and K2 receive water from Maharashtra on the West side, and a small area North of K2 drains 
into K2. There are several discharge stations located near the border which are used in this study as inflow 
data. 
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Figure 25: Hydrological connectivity between the three analysed sub-basins. Light blue arrows identify inter-basin transfers within 
the three sub-basins, dark blue arrows identify inflows from outside the three sub-basins, green arrows identify known outflows. 

The size of the arrows gives an indication of the magnitude of the in and out flows. 

48. We used CHIRPS precipitation data in combination with SSEBop actual evapotranspiration and the 
land use maps of the three sub-basins to identify rainfall excess (water yield) and net water consumption per 
land use type. Pixels where P > ET are locations where runoff is generated and those with ET > P are net 
consumers of water resources (Bastiaanssen, et al., 2014). Figure 26 shows the water yield and water 
consumption in the analysed sub-basins. The upstream mountainous areas generate most of the runoff in 
the three sub-basin system (up to about 1,000 mm/yr) while the agricultural areas and the water bodies are 
net consumer (up to 1000 mm/yr). P - ET values for the three sub-basins during the analysed period are 
presented in Table 7 and Figure 27; while the P-ET values each of land use type are available in Table 8 and 
Figure 28. The year to year spatial variation is presented in Annex 5. 

 

 
Figure 26: Annual average water yield (P-ET) computed as the difference between yearly average CHIRPS data and SSEBop data in 
the period 2006-2018. 
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Table 7 Precipitation, Evapotranspiration and Water Yield estimated by CHIRPS and SSEBop datasets. Values are expressed in 
mm/yr and Mm3/yr considering the hydrological year. 

 

 

Figure 27: Inter-annual variation of P, ET and WY (water yield) in the three analysed sub-basins expressed as Mm3/yr 

49. The long-term average water yield (P-ET) is negative in K2 and positive in K3 and K4. K2 is the most 
downstream sub-basin, receives the lowest amount of rainfall while being intensively used for agriculture. 
K3 and K4 are therefore generating water, part of which is then consumed in K2. In the year 2011-2012, the 
three sub-basins experienced the most severe water shortages (lowest water yield), even though 2011-2012 
is not the driest year terms of rainfall in all sub-basins. The water yield in 2011-2012 is -3,054 Mm3 in K2 

K2 P ET P-ET P ET P-ET
mm/yr mm/yr mm/yr Mm3/yr Mm3/yr Mm3/yr

2010-2011 779 717 62 12,327 11,345 982
2011-2012 403 596 -193 6,373 9,427 -3,054
2012-2013 482 540 -58 7,629 8,547 -918
2013-2014 671 741 -70 10,623 11,732 -1,109
2014-2015 539 668 -130 8,525 10,580 -2,055
2015-2016 427 456 -29 6,761 7,214 -452
2016-2017 562 609 -47 8,895 9,641 -747
2017-2018 729 680 49 11,543 10,771 772
Average 574 626 -52 9,084 9,907 -823

K3 P ET P-ET P ET P-ET
mm/yr mm/yr mm/yr Mm3/yr Mm3/yr Mm3/yr

2010-2011 928 774 154 6,341 5,292 1,049
2011-2012 544 679 -135 3,717 4,639 -922
2012-2013 539 612 -73 3,683 4,182 -499
2013-2014 778 735 43 5,319 5,023 296
2014-2015 661 760 -99 4,513 5,190 -677
2015-2016 450 470 -19 3,077 3,209 -132
2016-2017 661 601 60 4,519 4,109 409
2017-2018 789 684 105 5,392 4,677 716
Average 669 664 4 4,570 4,540 30

K4 P ET P-ET P ET P-ET
mm/yr mm/yr mm/yr Mm3/yr Mm3/yr Mm3/yr

2010-2011 849 648 202 10,004 7,629 2,375
2011-2012 513 504 9 6,040 5,933 107
2012-2013 542 409 134 6,387 4,813 1,574
2013-2014 734 562 172 8,648 6,622 2,026
2014-2015 683 621 62 8,043 7,310 733
2015-2016 467 372 94 5,496 4,386 1,110
2016-2017 554 436 118 6,527 5,131 1,396
2017-2018 765 518 247 9,011 6,102 2,909
Average 638 509 130 7,520 5,991 1,529
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(average -823 Mm3), -922 Mm3 in K3 (average 30 Mm3), and 107 Mm3 in K4 (average 1,529 Mm3). 2010-2011 
was the wettest year and the rainfall excess is about 982, 1,049, and 2,375 Mm3 in K2, K3, and K4 respectively.  

Table 8: Contribution of each land use class to annual precipitation (P), evapotranspiration (ET) and water yield (P-ET) of the three 
analysed sub-basins (K2, K3, and K4) as average of the years 2010-2018. 

 

K2 Area P ET P-ET P ET P-ET
Land use type (km2) (mm/yr) (mm/yr) (mm/yr) (Mm3/yr) (Mm3/yr) (Mm3/yr)
Open Deciduous Forest 33.3 528 615 -86 18 20 -3
Shrubland 212.4 599 769 -169 127 163 -36
Rivers 338.1 582 879 -297 196 297 -101
Waste land 836.6 599 683 -84 501 573 -72
Rainfed forest plantation 12.7 589 476 113 8 6 1
Rainfed Crops - Kharif 831.9 611 583 28 526 487 39
Rainfed Crops - Rabi 454.6 579 492 87 256 213 43
Rainfed Crops - Zaid 5.2 499 555 -55 4 5 -1
Fallow land 5,173.1 545 439 106 2,758 2,221 536
Irrigated Forest Plantation 49.2 589 459 130 29 23 6
Irrigated Crops - Kharif 2,614.0 575 613 -38 1,554 1,600 -46
Irrigated Crops - Rabi 1,135.2 563 525 38 614 572 42
Irrigated Crops – Zaid 10.4 274 393 -119 7 9 -3
Irrigated Crops – Double/Triple 3,498.7 610 885 -275 2,149 3,096 -947
Managed Water Bodies 350.4 520 1,263 -743 183 442 -259
Urban Paved Surfaces 245.7 565 675 -110 139 166 -27

K3 Area P ET P-ET P ET P-ET
Land use type (km2) (mm/yr) (mm/yr) (mm/yr) (Mm3/yr) (Mm3/yr) (Mm3/yr)
Protected Forest 0.2 807 1,106 -299 0 0 0
Protected Shrubland 9.3 789 813 -24 7 8 0
Open Deciduous Forest 115.3 867 825 43 100 95 5
Open Evergreen Forest 2.2 1,608 1,023 585 4 2 1
Shrubland 126.6 636 674 -38 81 85 -5
Rivers 71.5 665 827 -162 48 60 -12
Waste land 908.6 683 628 56 621 571 50
Rainfed forest plantation 6.8 1,092 728 364 7 5 2
Rainfed Crops - Kharif 686.4 926 606 320 634 411 223
Rainfed Crops - Rabi 165.3 678 446 232 113 76 37
Rainfed Crops - Zaid 2.6 863 671 192 2 2 0
Fallow land 1,515.9 569 438 130 857 656 201
Irrigated Forest Plantation 6.8 486 499 -13 3 3 0
Irrigated Crops - Kharif 422.1 581 689 -108 248 287 -39
Irrigated Crops - Rabi 304.3 520 594 -74 155 183 -28
Irrigated Crops – Zaid 13.6 258 350 -92 7 10 -2
Irrigated Crops – Double/Triple 2,042.5 669 820 -151 1,366 1,673 -307
Managed Water Bodies 215.4 658 1,213 -555 142 261 -119
Urban Paved Surfaces 210.0 783 698 85 164 147 18

K4 Area P ET P-ET P ET P-ET
Land use type (km2) (mm/yr) (mm/yr) (mm/yr) (Mm3/yr) (Mm3/yr) (Mm3/yr)
Open Deciduous Forest 246 1294 1094 200 318 269 49
Open Evergreen Forest 66 1740 1394 346 115 93 23
Shrubland 189 504 571 -68 95 108 -13
Herbaceous Cover 0 2050 1294 756 0 0 0
Rivers 120 611 673 -62 74 82 -8
Waste land 800 522 600 -79 417 481 -63
Rainfed forest plantation 63 1055 838 218 65 54 11
Rainfed Crops - Kharif 1383 804 610 193 1092 836 256
Rainfed Crops - Rabi 1165 627 386 242 759 448 311
Rainfed Crops - Zaid 4 346 327 19 3 3 0
Fallow land 4008 550 358 192 2139 1374 765
Irrigated Forest Plantation 6 486 772 -285 3 5 -2
Irrigated Crops - Kharif 431 514 531 -17 228 232 -4
Irrigated Crops - Rabi 878 524 427 97 468 369 99
Irrigated Crops – Zaid 5 252 347 -94 2 3 -1
Irrigated Crops – Double/Triple 1978 723 655 68 1448 1290 157
Managed Water Bodies 153 629 1153 -524 96 175 -79
Urban Paved Surfaces 288 678 580 98 195 167 28
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50. Similar computation was performed at the land use level, mapping water production and 
consumption per land use type (Table 8). Fallow lands and rainfed crops are contributing the most to runoff 
generation (between 201 and 765 Mm3/yr). Large area is classified as fallow land in all three sub-basins 
(5,173, 1,516, and 4,008 km2 in K2, K3 and K4 respectively). Fallow land receives 19-30% of the rainfall and it 
is responsible for 15-23% of the consumption (Figure 28). Generally natural areas and rainfed crops have 
positive water yield. Water bodies and irrigated lands are the primary consumers of water and show largest 
water deficit up to about -1,000 Mm3/yr in K2 (irrigated double and triple crops). Waste lands in K4 are also 
identified as net consumers of water which might highlight be dues to misclassification or errors in the 
precipitation and evapotranspiration RS measurements. 

K2: Annual Precipitation 9,084 Mm3/year K2: Annual Actual Evapotranspiration 9,907 Mm3/year 

  

K3: Annual Precipitation 4,570 Mm3/year K3: Annual Actual Evapotranspiration 4,540 Mm3/year 

  
K4: Annual Precipitation 7,520 Mm3/year K4: Annual Actual Evapotranspiration 5,991 Mm3/year 

  
Figure 28: Contribution expressed in percentage of each land cover group to precipitation and evapotranspiration in the three 
analysed sub-basins (2010-2018).  
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2. Methodology 

51. 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 focusing on agriculture and irrigation systems (Molden, 1997). WA+ 
was further developed for river basin analyses and incorporating of all water use sectors (Karimi et al., 2013). 
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 & IHE Delft, 2019b). This study uses the same 
methodology with a few additions which are explained in the following sections. Figure 29 provide a 
schematisation of the main computational steps in the water accounting process, inputs and type of data 
used in this study. 

 

Figure 29: Water Accounting Plus flow chart 
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52. 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 ET (ETgreen) and blue ET (ETblue), thereby clearly identifying managed water flows.   

53. 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.  

54. The vertical water balance model used calculates the vertical soil water balance for each pixel (See 
Figure 30 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 250 m. The list of inputs, outputs and parameters of the 
vertical water balance model can be found in Annex 6.  

55. The initial conditions of the storages (soil moisture and groundwater) are set using two calibration 
parameters: SM0f and GW0: 

𝑆𝑆𝑆𝑆(0) =  𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝑆𝑆𝑆𝑆0𝑓𝑓 Eq.2 

𝐺𝐺𝐺𝐺(0) =  𝐺𝐺𝐺𝐺0 Eq.3 

56. Where the saturated soil moisture (𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚)  is calculated by multiplying the Saturated Water 
Content (𝜃𝜃𝑆𝑆𝑆𝑆𝑆𝑆) by the effective root depth for each land cover class. The root depth is adjusted in calibration 
phase to reduce or increase the amount of surface runoff generated by the model (the values used in this 
study are presented in Table 9). 

 
Figure 30: Schematization of the main flows and fluxes in the Pixel Water Balance model 
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A. Step 1 Interception Computation 

57. Interception was estimated using the formula proposed by Von Hoyningen-Hüne (1983) and Braden 
(1985) as described in Kroes et al. 2009: 

𝐼𝐼𝑜𝑜 = (1 −
1

1 + 𝑃𝑃𝑜𝑜
𝑟𝑟𝑑𝑑𝑜𝑜

⋅ (1 − exp−0.5⋅𝐿𝐿𝑆𝑆𝐼𝐼𝑡𝑡) ⋅ 1
𝐿𝐿𝐿𝐿𝐼𝐼𝑜𝑜

) ⋅ 𝐿𝐿𝐿𝐿𝐼𝐼𝑜𝑜 ⋅ 𝑟𝑟𝑑𝑑𝑜𝑜 Eq.4 

58. 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 

59. The soil moisture (SMt) is computed as the soil moisture storage at the end of the previous timestep 
(SMt-1) plus the precipitation at the current time step (Pt) minus the actual ET at time t (ETt) and surface runoff 
(SROt) (Eq 5): 

𝑆𝑆𝑆𝑆𝑜𝑜 = 𝑆𝑆𝑆𝑆𝑜𝑜−1 + 𝑃𝑃𝑜𝑜 − 𝐸𝐸𝐸𝐸𝑜𝑜− 𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜  Eq.5  

60. Where the surface runoff (SRO) 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 SRO on daily basis, dividing the effective precipitation by the number of rainy days (rd) 
and a calibration parameter 𝑐𝑐𝑐𝑐 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 rd: 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜 =  

⎩
⎪
⎨

⎪
⎧ 0 𝑖𝑖𝑐𝑐 𝑃𝑃𝑜𝑜 = 0                                                          

�𝑃𝑃𝑜𝑜 − 𝐼𝐼𝑜𝑜
𝑛𝑛 �

2

𝑃𝑃𝑜𝑜 − 𝐼𝐼𝑜𝑜
𝑟𝑟𝑑𝑑 + 𝑐𝑐𝑐𝑐(𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑆𝑆𝑆𝑆𝑜𝑜)

∗ 𝑟𝑟𝑑𝑑 𝑖𝑖𝑐𝑐 𝑃𝑃𝑜𝑜 ≠ 0           
 

Eq.6 

61. Where 𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 is the saturated soil moisture. Over water bodies (where the effective root depth is 
0) the surface runoff is computed as follow: 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜 = �𝑃𝑃𝑜𝑜 − 𝐸𝐸𝐸𝐸𝑜𝑜           𝑖𝑖𝑐𝑐 𝑃𝑃𝑜𝑜 > 𝐸𝐸𝐸𝐸𝑜𝑜

0                       𝑖𝑖𝑐𝑐  𝑃𝑃𝑜𝑜 ≤ 𝐸𝐸𝐸𝐸𝑜𝑜
 

Eq.7 
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Table 9: Root depth look-up table. The values of root depth for each land cover class where calibrated for K2, K3 and K4 for 
simulating the period 2010-2011 to 2017-2018 

CGLS Land cover class Root depth (mm) 
Shrubland 300 
Grassland 200 
Cropland, rainfed 200 
Cropland, irrigated or under water management 200 
Fallow cropland 200 
Built-up 100 
Bare/sparse vegetation 200 
Permanent snow/ice 0 
Water bodies 0 
Temporary water bodies 0 
Shrub or herbaceous cover, flooded 0 
Tree cover: closed, evergreen 1,500 
Tree cover: closed, deciduous 800 
Tree cover: closed, mixed type 800 
Tree cover: closed, unknown type 800 
Tree cover: open, evergreen 1,500 
Tree cover: open, deciduous 800 

 

C. Step 3: Compute percolation and overflow 

62. Percolation or groundwater recharge depends on the soil moisture content (SMt) and it is computed 
using the following exponential function if SMt exceed fSmax*SMmax (fSmax is one of the calibration parameters 
used in the model): 

 
𝑃𝑃𝐸𝐸𝑆𝑆𝑃𝑃𝑜𝑜 = 𝑆𝑆𝑆𝑆𝑜𝑜 ∗ 𝑒𝑒

�−
𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑆𝑆𝑆𝑆𝑡𝑡

� 
Eq.8 

 

63. The soil moisture content is then updated to take into account the percolation component: 

 𝑆𝑆𝑆𝑆𝑜𝑜 = 𝑆𝑆𝑆𝑆𝑜𝑜 − 𝑃𝑃𝐸𝐸𝑆𝑆𝑃𝑃𝑜𝑜 Eq.9 
 

64. If the soil moisture content is higher than the saturated soil moisture (𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚), the excess is removed 
and considered overflow, which is then added to the surface runoff (SRO) and removed from the soil 
moisture. 

 𝑖𝑖𝑐𝑐 𝑆𝑆𝑆𝑆𝑜𝑜 > 𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 → 𝑆𝑆𝑂𝑂𝑒𝑒𝑟𝑟𝑐𝑐𝑂𝑂𝑂𝑂𝑂𝑂 =  𝑆𝑆𝑆𝑆𝑜𝑜 − 𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 
 

Eq.10 

 𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜 + 𝑆𝑆𝑂𝑂𝑒𝑒𝑟𝑟𝑐𝑐𝑂𝑂𝑂𝑂𝑂𝑂𝑜𝑜 
 

𝑆𝑆𝑆𝑆𝑜𝑜 = 𝑆𝑆𝑆𝑆𝑜𝑜 − 𝑆𝑆𝑂𝑂𝑒𝑒𝑟𝑟𝑐𝑐𝑂𝑂𝑂𝑂𝑂𝑂  

Eq.11 
 

Eq.12 
   
   

D. Step 4 Separate ETa into ETgreen and ETblue and update SM 
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65. To compute the precipitation and incremental components of ET (ETgreen and ETblue), ETa is subtracted 
from SMt (at this point green SM). When SMt is insufficient for ETa, the difference will be supplied by surface 
or groundwater uptake. The rainfall ET (ETgreen) becomes the amount which can be supplied by the soil 
moisture, whereas the difference will become incremental ET (ETblue): 

 
𝐸𝐸𝐸𝐸𝑏𝑏𝑏𝑏𝑜𝑜𝑏𝑏 = �−𝑆𝑆𝑆𝑆𝑜𝑜         𝑖𝑖𝑐𝑐 𝑆𝑆𝑆𝑆𝑜𝑜 ≤ 0

0                 𝑖𝑖𝑐𝑐  𝑆𝑆𝑆𝑆𝑜𝑜 > 0 
Eq.13 

 𝐸𝐸𝐸𝐸𝑔𝑔𝑔𝑔𝑏𝑏𝑏𝑏𝑖𝑖 = 𝐸𝐸𝐸𝐸 − 𝐸𝐸𝐸𝐸𝑏𝑏𝑏𝑏𝑜𝑜𝑏𝑏  Eq.14 

66.  Over water bodies (where SMt = 0) rainfall and incremental ET are computes as follows: 

 
𝐸𝐸𝐸𝐸𝑏𝑏𝑏𝑏𝑜𝑜𝑏𝑏 = �𝐸𝐸𝐸𝐸𝑜𝑜 − 𝑃𝑃𝑜𝑜          𝑖𝑖𝑐𝑐 𝑃𝑃𝑜𝑜 ≤ 𝐸𝐸𝐸𝐸𝑜𝑜

0                      𝑖𝑖𝑐𝑐  𝐸𝐸𝐸𝐸𝑜𝑜 < 𝑃𝑃𝑜𝑜
 

Eq.15 

 

E. Step 5 Estimation of Water Supply 

67. The amount of water supplied to each pixel is a function of ETblue and the so-called consumed fraction 
(fc). fc is dependent on the land use class and was suggested as a replacement of the classical irrigation 
efficiencies (Molden, 1997; Simons et al., 2016). The consumed fractions applied in this study are displayed 
in Table 10. These fractions were adjusted in calibration phase. 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑂𝑂𝑆𝑆 = 𝑐𝑐(𝐸𝐸𝐸𝐸𝑏𝑏𝑏𝑏𝑜𝑜𝑏𝑏 , 𝐿𝐿𝐿𝐿) =

𝐸𝐸𝐸𝐸𝑏𝑏𝑏𝑏𝑜𝑜𝑏𝑏
𝑐𝑐𝑐𝑐

 
Eq.16 

Table 10: Consumed fraction per land use class 

Land use class Consumed Fraction (fc) 
Natural land use classes 1.0 
Rainfed crops 1.0 
Irrigated crops 0.7 

 
68. The soil moisture content is then updated by adding the water supply. 
 

F. Step 6 Estimating incremental percolation and incremental runoff (due to supply of blue 
water) 

69. Incremental percolation (D_PERC) is computed as the difference between the total percolation (due 
to rainfall and supply of blue water) and the percolation due to rainfall. The first term is computed using Eq. 
6 where the soil moisture SMt is the total soil moisture (current soil moisture plus the percolation due to 
rainfall), and the second term has been computed at Step 3. 

70. The incremental surface runoff (D_SRO), due to supply of blue water, is computed using Eq. 4 where 
the supply is used as input instead of P-I considering an average water application of 15 day. 
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𝐷𝐷_𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜 =
�𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑂𝑂𝑆𝑆15 �

2

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑂𝑂𝑆𝑆
15 + 𝑐𝑐𝑐𝑐(𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑆𝑆𝑆𝑆𝑜𝑜)

∗ 15 

Eq.17 

G. Step 7 Estimating groundwater storage, base flow and total flow 

71. The groundwater storage (GW) is updated based on the computed percolation and incremental 
percolation. Base flow (BF) is then computed as a fraction (fbf) of the groundwater storage. The Total flow 
(TF) is computed as the sum of surface runoff, incremental runoff and base flow. Finally, the groundwater 
storage decreases because of base flow, deep percolation is computed as a fraction of the groundwater 
storage which is then updated based on the deep percolation. These steps are explained by the formulas 
below. 

 𝐺𝐺𝐺𝐺𝑜𝑜 = 𝐺𝐺𝐺𝐺𝑜𝑜−1 + 𝑃𝑃𝐸𝐸𝑆𝑆𝑃𝑃𝑜𝑜 + 𝑃𝑃𝑒𝑒𝑟𝑟𝑐𝑐𝑑𝑑𝑏𝑏𝑏𝑏𝑑𝑑,𝑜𝑜 Eq.18 

 𝐵𝐵𝐵𝐵𝑜𝑜 = 𝐺𝐺𝐺𝐺𝑜𝑜 ∗ 𝑐𝑐𝑏𝑏𝑓𝑓 Eq.19 

 𝐸𝐸𝐵𝐵𝑜𝑜 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜 + 𝐷𝐷_𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜 + 𝐵𝐵𝐵𝐵𝑜𝑜 Eq.20 

 𝐺𝐺𝐺𝐺𝑜𝑜 = 𝐺𝐺𝐺𝐺𝑜𝑜 − 𝐵𝐵𝐵𝐵𝑜𝑜 Eq.21 

 𝑃𝑃𝑒𝑒𝑟𝑟𝑐𝑐𝑑𝑑𝑏𝑏𝑏𝑏𝑑𝑑,𝑜𝑜 = 𝐺𝐺𝐺𝐺𝑜𝑜 ∗ 𝑐𝑐𝑑𝑑𝑏𝑏𝑔𝑔𝑐𝑐,𝑑𝑑𝑏𝑏𝑏𝑏𝑑𝑑 Eq.22 

 𝐺𝐺𝐺𝐺𝑜𝑜 = 𝐺𝐺𝐺𝐺𝑜𝑜 − 𝑃𝑃𝑒𝑒𝑟𝑟𝑐𝑐𝑑𝑑𝑏𝑏𝑏𝑏𝑑𝑑,𝑜𝑜 Eq.23 

 

2. SHEET 1: Resource base 

72. The first WA+ sheet provides an overview of the state of water resources in a river basin. The 
underlying analyses are based on the water balance at the basin scale (Figure 31). Sheet 1 or Resource Base 
Sheet gives a general overview of over-exploitation, unmanageable, manageable, exploitable, reserved, 
utilized and utilizable flows (Figure 32). In this sheet we can discern between ETgreen and ETblue. It can also be 
used to understand water scarcity during dry years. 

 
Figure 31: Schematic representation of the water balance concepts described in WA+ Sheet 1. 
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Figure 32: Example of WA+ Sheet 1 

73. Table 11 provides description of the fluxes, the data sources and the calculation method used to 
produce sheet 1, the resource base. 

Table 11: Data and calculation approach used for fluxes in WA+ Sheet 1. N/A stands for Not Available 
WA+ Sheet 1 
Flux 

Description Data used Calculation approach 

P Precipitation CHIRPS  
Monthly and aggregate 
by hydrological year 

Qdesal The inflow from desalinated water N/A - 

Qswin 
The inflow from surface water (i.e. interbasin 
surface water inflow) 

N/A - 

Qgwin 
The inflow from groundwater (i.e. interbasin 
groundwater inflow) 

N/A - 

Gross Inflow Total inflow from all sources - 
Padvection + Qdesal + Qswin + 
Qgwin 

Net Inflow The gross inflow and the storage change - 
Consumed water + 
Outflow 

∆S Change in total water storage - 
Net Inflow – Gross 
Inflow 

Rainfall ET 
- PLU 
- ULU 
- MLU 
- MWU 

ET that occurs from effective rainfall and canopy 
interception. Effective rainfall is the part of the rain 
water that does not percolate below the root zone, 
flows away over the soil surface as run-off, or 
evaporates from canopy interception, thus, 
available in the root zone and can be used by the 
plants. 

SSEBop-derived 
ET green; 
WA+ Landuse 
maps 

Aggregated by 
hydrological year and 
LU classes 
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WA+ Sheet 1 
Flux 

Description Data used Calculation approach 

Incremental ET 
- PLU 
- ULU 
- MLU 
- MWU 

ET that occurs from other sources except effective 
rainfall and interception. For example, evaporation 
of irrigation water, evaporation of groundwater 
through deep rooted vegetation, water evaporation 
from a lake or other water surface that exceeds the 
rainfall on the water body itself. 

SSEBop-derived 
ET blue; 
WA+ Landuse 
maps 

Aggregated by 
hydrological year and 
LU classes 

Landscape ET 

ET that occurs naturally, not due to water 
management (i.e. evaporation on managed 
reservoirs, or ET from irrigation water is not 
included). 

- 
ET green + Total ET blue 
of PLU, ULU, MLU 

Consumed 
water/ ET 

ET occurs as interception, evaporation, soil 
evaporation, water evaporation, canopy 
transpiration/ The total Evapotranspiration is 
evapotranspiration from non-manageable, 
manageable and managed land uses. 

SSEBop actual ET 
Aggregate by 
hydrological year 

Utilized flow 
ET from managed water use (i.e. irrigated crops, 
managed reservoirs) 

- MWU Incremental ET 

Exploitable 
water 

The net inflow minus Landscape ET - Utilized flow + Outflow 

Qswoutlet The river outflow at the outlet of the basin 
Outflow 
estimated from 
literature 

Aggregate by 
hydrological year 

Qswout 
The outflow as surface water (i.e. interbasin surface 
water outflow) 

N/A - 

Qgwout 
The outflow as groundwater (i.e. interbasin 
groundwater outflow) 

N/A - 

Non-consumed 
water /Outflow 

Total outflow - Qswoutlet + Qswout + Qgwout 

 

3. SHEET 2: Evapotranspiration 

74. The Evapotranspiration Sheet (Figure 33) quantifies water consumption for all land use classes 
throughout the basin. It describes the anthropogenic impact on ET, and can support the identification of ET 
management options to reduce the total water consumption from withdrawals and inundations. This sheet 
can be used to understand and monitor the impact of land use planning on consumptive use and to relate 
water consumption to intended processes (beneficial vs non-beneficial ET). Since ET is estimated from energy 
balance concepts (using global open access products), it does not need soil-physical growing conditions, and 
the quantification of complex hydrological processes such as interflows, seepage zones, etc. 

75. In order to populate Sheet 2, evaporation (E), interception (I) and transpiration (T) need to be 
estimated from the RS-based total ET. Values of these three components are then presented per land use 
type in the centre of WA+ Sheet 2, while the totals per river basin are visible on the left and right side. On 
the left side the total ET is also partitioned into beneficial and non-beneficial. 

76. Beneficial evapotranspiration is the consumed water that is for beneficial purposes, which includes: 
agriculture, energy, leisure, economy or environment. Beneficial uses can be intended or not intended for a 
particular human use. It can include evaporation from aquaculture ponds, evapotranspiration from natural 
vegetation or evaporation from water bodies and wetlands. Non-beneficial water is the consumed water 
that is lost to the system for no benefits. For example, interception is evaporation of a thin water film from 
wet leaves or other impermeable surfaces, which does not contribute to vegetation growth or other benefits. 
Evaporation from soil surface, weeds, and degraded water are also considered non-beneficial. To estimate 
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the quantity of beneficial water, the portions of beneficial evapotranspiration and interception are presumed 
for each land use class as well as their contribution to each of the mentioned purposes. 

 
Figure 33: Example of WA+ sheet 2 

4. SHEET 3: Agricultural Services 

77. Sheet 3 presents yearly totals of agricultural production (kg/ha) and the related water productivity 
(kg/m3). The main purpose is to demonstrate whether water in agriculture is used productively. The first part 
of Sheet 3 describes consumptive water use by agriculture while the second part describes land and water 
productivity (Figure 34). This sheet can be used to estimate the production gap a loss of return (kg, $), and 
to show which geographical areas can become more efficient in terms of water use. It can help in providing 
extra attention to certain rainfed and irrigated cropping systems and indicate possibilities for saving water 
in agriculture, crop diversification, or land retirement in case of unsustainable use of water. 

78. Because of the absence of a detailed and accurate crop map area of the three basins, we have 
decided to limit the analysis to the gross biomass production and water productivity instead of estimating 
the crop yields and crop water productivity. We therefore provide information on seasonal crops instead of 
crop types. We considered three main seasons (Kharif, Rabi and Zaid) and included Double/Triple crops and 
Forest plantations as separate categories. The seasonality which we considered in this study is presented in 
Table 12. The datasets used for computing the indicators in Sheet 3 are: Actual evapotranspiration (SSEBop) 
and Dry Matter Productivity (DMP) derived from Proba-V (Smets et al., 2019). 

 
Figure 34: Example of WA+ sheet 3 
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Table 12: Crop season used for computing WA+ sheet 3 
Crop or Crop Season Sowing Date Harvest date 
Kharif 1st of May 30th of October 
Rabi 1st of November 30th of April 
Zaid 1st of March 30th of June 
Double/Triple crops 1st of January 31st of December 
Forest Plantation 1st of January 31st of December 

 

5. SHEET 4: Utilized water 

79. Sheet 4 describes in more details how water resources are currently or were in the past utilized in 
the river basin, focusing on blue water consumption. Additional indicators presented in Sheet 4 are: (1) 
consumed and non-consumed water which allows to quantify the impact of management plans on the return 
flows and their importance for downstream users, (2) supply and demand which allows to estimate the water 
stress of agriculture (Figure 35). The return flow is split between surface and groundwater. Return flow to 
surface water also includes water stored in the unsaturated zone that does not reaches groundwater. 

 
Figure 35: Example of WA+ sheet 4 

80. To estimate the withdrawals (blue water), the results of the vertical water balance are used. The 
water balance tool provides maps of water supply which indicates how much water is supplied to each pixel 
on a monthly time step to compensate the gap between actual evapotranspiration and the available amount 
of water from precipitation and soil moisture. This amount of supplied water is withdrawn either from 
groundwater (aquifers) or surface water (reservoirs, lakes, rivers, canals). To estimate this split, a surface 
equipped irrigation global map is used.  

81. Water demand for a pixel is estimated as the potential ET minus the effective rainfall. The potential 
ET is calculated by multiplying the ET reference with a Kc factor, which is function of LAI. The ET reference is 
computed with the Penman-Monteith equation –FAO56- (Allen et al., 1998) using global weather data -
GLDAS- (Rodell et al., 2004). The effective fraction of the total rainfall is determined using the Budyko theory. 
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For land use classes categorized as residential, additional water demand and supply are estimated based on 
the global population map (Tatem, 2017) and reported water consumption per capita per day in the area. 

82. Further to withdrawals and consumptive use, the return flow must be assessed for quantifying reuse 
and recycling. The return flow is applied water that is not depleted and thus remains physically present in 
the river system. In other words, it is the difference between supply and incremental ET. The part of the 
return flow that is returned to surface water is estimated by the incremental surface runoff. The incremental 
percolation is a good indication of return flow to the unconfined aquifer. 

6. SHEET 5: Surface water 

83. Sheet 5 presents data related to surface water flows and storage at the catchment and sub-
catchment level. It accounts for the total runoff, withdrawals of surface water, return flows and inter-basin 
transfers (Figure 36). This fact sheet can be used to evaluate and prepare allocation plans at different 
locations in a river basin and to assist in planning infrastructures and water resources development. All the 
necessary data to generate Sheet 5 are produced by the vertical water balance model. 
 

 
Figure 36: Example of WA+ sheet 5 

7. SHEET 6: Groundwater 

84. WA+ Sheet 6 describes the water balance of the groundwater in the river basin on a monthly and 
yearly scale (Figure 37). The purpose of this sheet is to understand the role of groundwater in renewable 
water resources, in particular for dry season flow and springs. It could be used to assess the possibility of 
using aquifers as storage reservoir during droughts and their role as buffering mechanism, and finally to 
prepare sustainable groundwater withdrawals plans avoiding declining of groundwater tables. 

85. The vertical fluxes are generated by the vertical water balance model and are presented showing the 
contribution of each land use. Vertical recharge is the portion of percolation that is not originated by 
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supply (which is included in the return flows from surface water or groundwater abstraction). Capillary 
rise is estimated as 1% of the supply from groundwater. 

 
Figure 37: Example of WA+ sheet 6 
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IV. PRESENTATION OF RESULTS 
86. In this section, we present the results of the water accounting computations as average of the 
analysed period (2010-2018) for the three selected sub-basins K2, K3 and K4. The results of the individual 
years can be found in the annexes. The chapter will start with presenting the main outputs from the pixel 
balance model, including the results of the split of ET in ETgreen and ETblue for the different land cover classes 
and the estimated discharge compared to observed (section 1&2). This is followed by the results presented 
in the form of the WA+ Sheets (section 3). 

A. Green and Blue water 

87. Figure 38 shows the average amount of precipitation and green and blue ET (ETblue and ETgreen) for 
the three sub-basins for different land cover classes. Although fallow land covers a large portion of the three 
sub-basins (30-33%), water consumption in these areas (total actual ET) is consistently lower that 
precipitation. On the other hand, a small amount of ET is attributed to ETblue (15 to 16% of the precipitation), 
which could be related to flooding occurring in flat areas. Managed water bodies consume the highest 
amount of blue water resources followed by irrigated agriculture (double and triple crops). ETblue ranges from 
0-100 mm/yr over rainfed agriculture and fallow land, and 600-800 mm/yr on irrigated areas, to 1,000 mm/yr 
or more on water bodies. The results also show that ETblue over natural land cover classes such as shrub land 
and forested areas reach up to 47 and 34% of the precipitation respectively. These land use types however 
do not represent a large portion of the sub-basin. 

(a) 
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(b) 

(c) 
Figure 38: Precipitation, ETgreen and ETblue per land cover of the K2 (a), K3 (b) and K4 (c) sub-basins for the period 2010-2011 to 2017-
2018. Percentages in the right side of the figures indicate the proportion of ETgreen and ETblue to the precipitation. 

88. The spatial distribution of ETgreen and ETblue is presented in Figure 39. The range of ETgreen is smaller 
than the range for ETblue. ETgreen values range from 200 to 800 mm/yr and it is more homogeneously 
distributed with higher values in the upstream areas of K3 and K4 and the downstream part of K2 where 
there is more rainfall. ETblue ranges from 0 – 1,000 mm/yr, with more areas in the extreme spectrum (near 
zero and close to the maximum). 
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 (a) 

  (b) 
Figure 39: Spatial distribution of average (a) ETgreen and (b) ETblue in mm/yr over the period 2010-2018. 

 

B. Vertical Water Balance 

89. Three separate vertical water balance models were built for the three sub-basins. The model of K4 
was manually calibrated using the observations at Menasagi station. As the Menasagi station is located 
downstream the Malaprabha dam, the flow is highly impacted by the operations of this dam, the focus 
therefore was to match the magnitude of the data. The results therefore do not show good performance of 
the model at Menasagi station in terms of Nash-Sutcliffe efficiency (NS), however the average difference 
between measured and simulated discharge is only 8% (Table 13). The selected calibration parameters (see 
Annex 6) were then used in K3 and K2 without further calibration. Figure 40 shows the results of the 
calibrated model for the three locations. The best match between simulated and measurements is found for 
the gauge in K3 (NS = 0.76, Person = 0.89, R2 = 0.80) is due to the fact that the K3 model uses in-situ discharge 
measurements at Lolsur for estimating the inflows to the sub-basin. Despite being located downstream of 
various large reservoirs, a good match between simulated and observed discharge is obtained at Tinthini 
station in K2 sub-basin. 

Table 13: Comparison of simulated and in-situ discharge in three stations in K2, K3 and K4. 
Sub-basin Station N-S Pearson R2 % Diff 
K2 yearly scale Tinthini 0.34 0.78 0.61 38 
K2 monthly scale Tinthini 0.05 0.81 0.65 38 
K3 yearly scale Lolsur 0.61 0.84 0.70 0.8 
K3 monthly scale Lolsur 0.76 0.89 0.80 0.8 
K4 yearly scale Menasagi -0.27 -0.00 0.00 -8 
K4 monthly scale Menasagi -0.09 0.35 0.12 -8 
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Figure 40: Comparison between RS-based simulated discharge and measured discharge at three locations in K2, K3 and K4 (a, b, c 
respectively). 

90. The outputs of the pixel balance model for the main components of the water balance are presented 
in Table 14 and Figure 41. The total flow (TF = BF + SRO + D_SRO + overflow) represents 12.5%, 14.7 and 
14.0% of the precipitation in K2, K3 and K4 respectively. Base flow (BF) accounts for 28(K2) - 32(K4)% of the 
total flow and surface runoff (SRO) for 65(K2) - 72(K3)%. The percolation simulated by the model seems quite 
high reaching in average up to 30% of the rainfall in K4. 

91. The three analysed sub-basins differ in terms of land use and rainfall amounts where K3 and K4 
receive higher rainfall than K2 while K2 has more irrigated agriculture and less natural areas. These 
characteristics are reflected in the water balance results (Figure 41). ETblue and therefore water supply is 
higher in K2 when compared to K3 and K4 reaching in average 189 and 231 mm/yr respectively. As a 
consequence, the return flows are also higher in K2. Higher runoff is generated in K3 (70 mm/yr). The three 
sub-basins have similar soil moisture conditions (30-38 mm) while higher variation in water content exists in 
the groundwater storage with K4 being the wettest (32 mm) and K2 the driest (23 mm). In the next 
paragraphs we discuss in detail the surface runoff component, while the spatial distribution of the other 
water balance components are presented in Annex 7. 

Table 14: Results of the vertical water balance model for the main water balance components in K2, K3 and K4 in mm/yr. 
 
Period P 

(mm/yr) 
ET 
(mm/yr) 

ETgreen 
(mm/yr) 

ETblue 
(mm/yr) 

Supply 
(mm/yr) 

SRO 
(mm/yr) 

BF 
(mm/yr) 

TF 
(mm/yr) 

Percolation 
(mm/yr) 

K2          
2010-11 779 717 540 177 216 74 40 120 224 
2011-12 403 596 380 216 262 28 6 38 37 
2012-13 482 540 383 157 190 42 11 56 80 
2013-14 671 741 520 221 272 52 23 82 153 
2014-15 539 668 466 202 252 37 11 53 73 
2015-16 427 456 310 146 177 29 15 47 109 
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2016-17 562 609 420 189 233 48 23 77 144 
2017-18 729 681 478 203 247 63 33 102 223 
K3 
2010-11 928 775 592 182 220 115 50 169 293 
2011-12 544 679 455 224 273 55 12 70 76 
2012-13 539 612 432 180 219 53 12 68 84 
2013-14 779 735 525 210 253 80 31 114 207 
2014-15 661 760 528 231 281 62 19 84 120 
2015-16 453 470 340 130 158 36 12 50 90 
2016-17 661 602 432 169 202 84 28 115 183 
2017-18 789 684 488 197 234 80 36 120 244 
K4 
2010-11 849 648 543 105 122 90 47 138 270 
2011-12 513 504 363 141 161 47 15 63 107 
2012-13 542 409 328 80 89 59 23 82 161 
2013-14 734 562 455 107 120 63 33 98 227 
2014-15 683 621 483 137 158 60 24 85 157 
2015-16 467 372 288 84 95 36 20 57 151 
2016-17 554 436 349 86 94 57 26 84 159 
2017-18 765 518 412 105 117 66 43 109 290 

 

 
K4 

 

 
K3 

 
 

K2 

 
Figure 41: Graphical representation of the components of the vertical water balance in the three sub-basins (K2, K3 and K4) and 
their average values for the period 2010-2018 (black number) and its standard deviation (blue numbers) in mm/yr. 
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Surface water 

92. As mentioned in the introduction, the three sub-basins are hydrologically connected (Figure 25). K4 
and K3 drain into K2 and the three sub-basin system is part of the larger Krishna basin. K2 receives in average 
16.6 km3/yr of 71% flows out of the sub-basin (11.3 km3/yr as outlet discharge and 0.5 km3/yr as inter-basin 
transfer for irrigation). The results of the analysis show no significant trend in surface water storage in the 
period 2010-2018, which is also observed by GRACE data (Figure 22). The majority of the available water 
resources are generated outside the study area (Maharashtra state with a total inflow of 15.4 km3/yr). 

93. The surface runoff has a strong spatial gradient in K3 and K4 with the highest values in the upstream 
western region (up to 400-500 mm/yr) and low values downstream (Figure 43). Rivers and water bodies have 
generally the highest values. 

(a)   (b)  
Figure 42: Surface water flows between the three analysed sub-basins displayed in the form of WA+ Sheet 5 (a) and displayed on 
the map (b). Values are expressed in km3/yr as average of the simulated period (2010-2018). 

 
Figure 43: Spatial distribution of the average surface runoff in mm/yr for the analysed period (2010-2018). 
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C. WA+ sheets 

1. Sheet 1: Resource Base 

94. The results of Sheet 1 are presented in Figure 44 as the average of the analysed period (2010-2018). 
During this period K2 and K3 show an average a loss of total storage (surface, groundwater and soil moisture) 
of 0.5 and 0.6 km3/yr respectively, while K4 has a net gain of 0.9 km3/yr. Water storage has a strong seasonal 
variability mainly due to the monsoon climate (Figure 45), particularly high changes are observed in K2 sub-
basin (-1 to 3 km3/month). More water is utilized in K2 sub-basin (2.0 km3/yr) than in K3 and K4 (0.9 and 0.5 
km3/yr respectively), reflecting the large irrigation scheme located in K2. The average outflow in K2 (11.3 
km3/yr) is in average 10 to 20 higher than K3 and K4 respectively. The volumes of polluted water have not 
been estimated (Non-recoverable flow) because of the lack of field information, we however expect that part 
of the outflow will be depleted and not available for further used downstream.  

95. A significant inter-annual variability of the outflow exists in the three sub-basins (Table 15). During 
dry years the outflow reaches 13-35% of the average flow (2011-2012, 2012-2013, and 2015-2016), while 
during wet years the outflow is 130-240% the average flow (2010-2011). During the dry years most of the 
available water is utilized within the sub-basin (in K2 and K3) or the available water drops by 50% (K2). 
Because of the lack of information, we did not estimate the Non-utilizable outflow (water that cannot be 
utilized because of floods) and the Reserved outflow (environmental flow requirements or water needed for 
navigational purposes or for legal commitments with downstream basins/states). The Utilizable outflow is 
therefore overestimated.  
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Figure 44: Results of WA+ Sheet 1 in K2, K3, and K4 as the average of the analysed period. Values are expressed in km3/yr. 
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K2  K3 

 K4 
Figure 45: Monthly dynamics of the total storage change in the three analysed sub-basins. 

Table 15: Inter-annual variability of the outflow in the three analysed sub-basins. 
  K2  K3 K4 

Year  Outflow 
(km3/yr) 

Interbasin 
transfer 
(km3/yr) 

Available 
water 

(km3/yr) 

Utilized 
flow 

(km3/yr) 

Outflow 
(km3/yr) 

Available 
water 

(km3/yr) 

Utilized 
flow 

(km3/yr) 

Outflow 
(km3/yr) 

Available 
water 

(km3/yr) 

Utilized 
flow 

(km3/yr) 
2010-2011 Wet 14.7 5.0 21.6 1.8 2.9 3.7 0.8 1.2 1.8 0.7 
2011-2012 Dry 11.9 5.0 19.0 2.1 1.8 2.8 1.0 0.1 0.9 0.7 
2012-2013 Dry 9.1 5.0 15.7 1.6 0.3 1.1 0.8 0.6 1.0 0.4 
2013-2014  12.4 5.0 19.7 2.3 1.4 2.3 0.9 0.7 1.2 0.5 
2014-2015  14.1 5.0 21.3 2.3 1.0 2.0 1.0 0.5 1.2 0.7 
2015-2016 Dry 4.0 5.0 10.5 1.5 0.2 0.8 0.6 0.3 0.8 0.4 
2016-2017  13.9 5.0 21.0 2.0 1.4 2.1 0.8 0.7 1.0 0.4 
2017-2018  10.5 5.0 17.6 2.1 1.0 1.8 0.8 0.9 1.3 0.5 

Average  11.3 5.0 18.3 2.0 1.2 2.1 0.9 0.6 1.2 0.5 
  

2. Sheet 2: Evapotranspiration 

96. The period for which we were able to produce WA+ sheet 2 (2014-2018) is shorter than for other 
sheets as the biomass data (DMP from Proba-V) is not available before 2014. The average values for Sheet 2 
are presented in Figure 46. The non-beneficial evapotranspiration is higher than the beneficial fraction for 
all the analysed sub-basins and varies between 50 and 70% of the total ET in K4 (Figure 47). The non-
beneficial fraction of ET is mainly due to unproductive soil evaporation. 80% of the beneficial consumption 
generates benefits for the agricultural sector, about 10% for the economy in all analysed sub-basins, while 
and the beneficial consumption for the environment is significant (10%) only in the K4 sub-basin.  
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97. The non-beneficial fraction in 2017-2018 is higher than in 2014-2015 in all analysed sub-basins. It is 
not possible to draw strong conclusion on trends base on four years, however our hypothesis is that the 
increase of non-beneficial water use might be linked to water availability. From 2014-2015 to 2017-2018 all 
sub-basins (K2, K3 and K4) experience a general increase in water yield (Figure 27). During dry years, water 
is not sufficient to satisfy all demands and it is in general used more efficiently, while if water is not a limiting 
factor, over-irrigation and water ponding might happen more frequently. 
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Figure 46: Results of WA+ sheet 2 in K2, K3, and K4 as the average of the period with available data (2014-2018). Values are 

expressed in km3/yr. 

 
Figure 47: Temporal evolution of WA+ sheet 2 indicators for the three analysed sub-basins. 

 

3. Sheet 3: Agricultural Services 

98. The results of WA+ sheet 3 are presented in Figure 48. The results are only available in the period 
2015-2018, as the required DMP (Dry Matter Productivity) from Proba-V data is only available from 2014 
(the Rabi season for 2014 is incomplete as it starts in November 2013). In general, the gross biomass 
productivity (GBP) of K3 and K4 is higher than the GPB in K2. The crop group with the highest GBP and gross 
biomass water productivity (GBWP) are the Rabi crops (grown in the dry season, November to April) for all 
three sub-basins. The GBWP of crops grown in this season varies between 3.0 and 11.4 kg/m3. The second 
most productive crop group is the Double/Triple crop (annual crops). GBP of the other crop groups does not 
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have a strong inter-annual variability. Water consumption for Kharif crops is higher in 2017-2018 than in 
2015-2016 because the area cultivated with these crops types is more in 2017-2018. The opposite is true for 
Double/Triple crop except for K4 where the ET in 2017-2018 is higher than 2015-2016 despite a reduction is 
area. Areas cultivated with Rabi crop is lower in 2017-2018 than in 2015-2016 however the water 
consumption in these areas is higher in 2017-2018 than 2015-2016. Application rates in these areas should 
be carefully monitored.  

99. The average GBP of Kharif crops varies between about 3,500 and 5,800 kg/ha in the three sub-basins 
during the analysed period. The spatial variation of Kharif crops GBP is much higher ranging from around 
1,000 kg/ha in the downstream areas of K2, up to more than 10,000 kg/ha in the upstream areas of K3 and 
K4 (Figure 49). Kharif crops grow during the wet season, the spatial gradient of GBP is probably due to water 
availability (higher rainfall in K3 and K4) and/or to different characteristics of the crop types under this 
category. 

K2 

 

K3 
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K4 

 

 
Figure 48: Results of WA+ sheet 3 in K2, K3, and K4 as the average of the period with available data (2015-2018). 

 
Figure 49: Gross Biomass Productivity of Kharif crops in the year 2015-2016 in kg/ha. 

 

4. Sheet 4: Utilized Flow 

100. The results of WA+ sheet 4 are presented in Figure 50. WA+ sheet 4 describes how blue water 
resources are utilized by man-made land use types. The human-induced gross withdrawal, which is the sum 
of the supplied water computed by the vertical water balance, amounts at 2.6, 1.5 and 0.7 km3/yr in K2, K3 
and K4 respectively. Water withdrawals from natural land use types exists (due to natural flooding or 
capillary rise), are computed by the vertical water balance model but they are not visualized in the WA+ 
sheet 4.  

101. The gross water withdrawals are split between surface and groundwater withdrawals using the 
Global Map of Irrigation Areas (GMIA version 5) which provide information on surface and groundwater 
equipped irrigation (Siebert et al., 2013). In all three analysed sub-basins roughly 40% of the gross 
withdrawals originate from groundwater abstractions and 60% from surface water withdrawals. It is 
reasonable to assume that more surface water is used in irrigation than groundwater because of the three 
large reservoirs.   

102. Water supply and demand to residential areas is estimated using a population density map of the 
sub-basins derived from WorldPop (https://www.worldpop.org/ (Tatem, 2017)) and assuming an average 
water consumption per capita of 110 l/per person/day and a minimum demand of 100 l/per person/day. 
Domestic average consumption and demand should be adjusted based on local data and knowledge. In all 

https://www.worldpop.org/
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three analysed sub-basins, the water supplied to the irrigated areas is not sufficient to meet the demand. 
The difference between demand and supply in irrigated areas reaches, in average, up to 0.5, 0.3, and 0.5 
km3/yr in K2, K3, and K4 respectively. Despite these yearly water shortages in the agricultural sector, there 
is a significant non-consumed fraction (that contributes to the return flow). This means that application 
timing could be further optimized. The total return flow is equal to 0.7, 0.2, and 0.1 km3/yr in K2, K3 and K4 
respectively. 
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Figure 50: Results of WA+ sheet 4 in K2, K3, and K4 as the average of the analysed period (2010-2018). 

 

5. Sheet 5: Surface Water 

103. The results of WA+ sheet 5 are presented in Figure 51. K2, K3 and K4 has been divided into two sub-
basins (Figure 52). The outlet of the sub-basin coincides with an in-situ discharge station (Tinthini, Menasagi, 
and Lolsur). In K2 the average surface water withdrawal (2.0 km3/yr) is nearly double the runoff generated 
from rainfall within the sub-basin (1.1 km3/yr). K3 and K4 are upstream sub-basins, with only K3 receiving 
water from an upstream part of the sub-basin. Despite some significant withdrawals in the sub-basins, both 
sub-basins are note water generators. The high withdrawals in combination with 5.0 km3/yr allocated as 
inter-basin transfer (command areas outside K2) makes the total surface outflow to be 5.3 km3/yr lower than 
the total surface inflows. The man-made withdrawals are 4, 3, 2 times higher than the natural surface water 
withdrawals in K2, K3 and K4 respectively. This difference is justified by the natural vs artificial land use types 
proportions in the analysed sub-basins.  

104. Part of the surface water withdrawals becomes return flow (0.7, 0.1, and 0.2 km3/yr in K2, K3 and 
K4) as incremental runoff and incremental recharge. The split of the return flows to surface or groundwater 
is computed by the vertical water balance model and the results show that the water is nearly equally divided 
into incremental runoff and incremental percolation. Decreasing surface water withdrawals will therefore 
have an impact on the availability of water downstream. 
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Figure 51: Results of WA+ sheet 5 in K2, K3, and K4 as the average of the analysed period (2010-2017). 
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Figure 52: Location of the sub-basins delineated for producing WA+ sheet 5. 

6. Sheet 6: Groundwater 

105. The results of WA+ sheet 6 are presented in Figure 53. As expected based on the results of other 
accounting sheets, the groundwater storage is nearly constant in K2 and K3 and increases by 1.1 km3/yr in 
K4 in the period 2010-2018. Similar base flow is generated in average by the three sub-basins (0.2-0.3 
km3/yr). Groundwater recharge is the largest component of the water balance in sub-surface ranging from 
1.1 km3/yr in K3 to 2.2 km3/yr in K4. Majority of the groundwater recharge in the three sub-basins occurs 
over fallow land that occupy a considerable surface of the sub-basin, followed by rainfed crops. Return flow 
to groundwater can be considered negligible as well as capillary rise. 
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Figure 53: Results of WA+ sheet 6 in K2, K3, and K4 as the average of the analysed period (2010-2018). 



61 
 

V. KEY FINDINGS 
106. The Water Accounting Plus framework was applied to three sub-basins of the Krishna river basin in 
Karnataka state (K2, K3 and K4). The area receives high spatial and temporal variability related to the 
topography and monsoon climate with an average of 644 mm/yr. Next to rainfall, two of the three sub-basins 
receive water from upstream catchment areas, with the largest contribution from the upper Krishna basin in 
Maharastra state, which amounts to 72% of the available water resources in K2.  

107. All three analysed sub-basins are highly modified by human activity and the land is mostly utilized 
for agricultural purposes (84% on average of the eight years including fallow land). There are three main crop 
seasons in the area: Kharif (May to October), Rabi (October-November and harvested in early spring), and 
Zaid (between the Rabi and Kharif seasons). Typical Kharif crops are maize, cotton and paddy rice, typical 
Rabi crops in the study area are pulses and jowar (sorghum), and ground nut is a typical crop grown during 
the Zaid season. The two largest reservoirs in the area are Almatti and Narayanapur with a gross storage 
capacity of 1,196 and 1,066 Mm3 (CWC & NRSC, 2014). 

108. The higher altitude areas (>800m) mainly located in K3 and K4 are the primary areas where runoff is 
generated. Fallow land (31.1% of the area) is the land use class with the highest runoff generation totalling 
1,502 Mm3/yr. Irrigated agriculture and managed water bodies are the highest net water consumers with a 
total of 1,073 Mm3/yr and 457 Mm3/yr, respectively. The analyses show that the managed water bodies 
consumed the highest amount of blue water followed by irrigated agriculture. 

109. At sub-basin level, K3 and K4 are considered net water generators (positive P-ET), whereas K2 is a 
net water consumer (negative P-ET). Part of the water generated in K3 (1.2 km3/yr) and K4 (0.6 km3/yr) and 
received from the Upper Krishna river basin (14.8 km3/yr) is consumed in K2 (0.3 km3/yr), and an estimated 
5 km3/yr is diverted to outside of the basin for irrigation.   

110.  The estimation of the available water resources in the three sub-basins is hampered by the absence 
of a surface water routing routine to take into account the reservoir operations. The results therefore do not 
show good performance of the model at Menasagi station (K4) in terms of Nash-Sutcliffe efficiency (NS), 
however the average difference between measured and simulated discharge is only 8%. The best match 
between simulated and measurements is found for the gauge in K3 (NS = 0.76, Person = 0.89, R2 = 0.80) is 
due to the fact that the K3 model uses in-situ discharge measurements at Lolsur for estimating the inflows 
to the sub-basin. Despite being located downstream of various large reservoirs, a good match between 
simulated and observed discharge is obtained at Tinthini station in K2 sub-basin. 

111. The amount of non-beneficial water consumption in agriculture is high across the sub-basins, 42% in 
rainfed agriculture and 48% in irrigated agriculture. High soil evaporation is observed in all three sub-basins, 
especially in paddy cultivations; other crop types have however high evaporation values as well.  This shows 
there is real potential to increase productivity within the agricultural areas without increasing the total water 
consumption by reducing unproductive soil evaporation. Measures for limiting soil evaporation should be 
considered in the agriculture sector like for example improved irrigation scheduling and proper farm field 
water management. 

112. The result of the pixel balance model indicates a total storage loss of 0.2 km3/yr for all three areas, 
which is less than 1% of rainfall. There are spatial variations, with K2 and K3 showing a loss and K4 showing 
a gain. This indicates that on overall there is no sign of over-exploitation of the water resources for the period 
analysed. The inter-annual storage variations are of much higher magnitude and respond directly to the 
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monsoon climate. Storage change (both surface and groundwater) should be carefully monitored at 
monthly/seasonal scale. 

113. The underlying pixel balance model used to generate the water accounting numbers, is driven by 
remote sensing data with limited calibration parameters. The current version does not incorporate routing 
and dam operations. Further improvement of the model or using locally calibrated model outputs could 
further refine the water accounts.   
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VII. APPENDIXES 
Annex 1. Methodology for developing the land use maps used in the water accounting 

study 

In the absence of a recent field survey, we combined three existing sources of data to create a time series of 
eight land use maps for the three analyzed sub-basins: 

1) NRSC time series maps (2010-2011  2017-2018), 0.0005 degrees obtained from ACIWRM ( (NRSC, 
2006)). 

2) Land cover map of 2012 provided by ACIWRM (used to solve the confusion in the water bodies). 
3) Shape file of command areas obtained from ACIWRM 
4) Shape file of protected areas developed by WDPA ( (UNEP-WCMC & IUCN, 2019)) and downloaded 

from Protected Planed (https://www.protectedplanet.net/)  

The following assumption were made for creating the land use maps for K2, K3, and K4: (a) all pixels within 
the command areas are irrigated, (b) all pixels classified as double/triple crops are irrigated. As a result, 
irrigated areas outside the command areas might not all be identified. All input maps are resampled at 0.0025 
degrees before aggregation. 

Reclassification of the NRSC maps was done using the scheme displayed in Table 16. The command area map 
is used to distinguish between irrigated and rainfed crops, and a land use from 2012 provided by ACIWRM is 
used to distinguish between reservoirs and rivers. All steps are coded in a Python script which will be 
transferred to ACIWRM together with the final results of the WA+ computations.  

Table 16: Reclassification scheme between the NRSC land cover map and the WA+ land use land cover map 

NRSC class Description WA+ class Description 
1 Build-up 72 Urban paved surfaces 
2 Kharif crop 35 Rainfed crop 

54 Irrigated crop 
3 Rabi crop 36 Rainfed crop 

55 Irrigated crop 
4 Zaid crop 37 Rainfed crop 

56 Irrigated crop 
5 Double/Triple Crop 57 Irrigated crop 
6 Current Fallow 45 Fallow 
7 Plantation 33 Rainfed forest plantation 

52 Irrigated forest plantation 
8 Evergreen Forest 1 Protected Forest 

11 Closed Evergreen Forest 
9 Deciduous Forest 1 Protected Forest 

9  Open Deciduous Forest 
10 Degraded/Shrub Forest 2 Protected shrubland 

14 Shrubland 
12 Grassland 3 Protected natural grassland 

15 Herbaceous cover 
14 Wasteland 28 Wasteland 
16 Waterbodies max In WA+ classification we only separate between rivers, natural 

water bodies, and reservoirs (additional information is needed). 17 Waterbodies min 
Results of the reclassification are presented in Figure 54, and Table 17. 

 

https://www.protectedplanet.net/
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Figure 54: Time series of land use land cover maps developed for water accounting purposes covering the three analysed sub-basins 
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Table 17: Land use type area expressed in km2 of each of the eight land cover maps used in the water accounting study 

Land Use Type 2010-
2011 

2011-
2012 

2012-
2013 

2013-
2014 

2014-
2015 

2015-
2016 

2016-
2017 

2017-
2018 

Protected Forest 0 0 0 0 0 0 0 0 
Protected Shrubland 9 9 9 9 9 9 10 9 
Open Deciduous Forest 398 398 398 398 398 402 400 409 
Open Evergreen Forest 70 70 70 70 70 72 70 71 
Shrubland 528 528 528 528 528 526 522 528 
Herbaceous Cover 0 0 0 0 0 0 0 0 
Rivers 592 592 592 592 592 385 485 364 
Waste land  2,594 2,641 2,623 2,602 2,557 2,436 2,441 2,447 
Rainfed forest plantation 53 53 53 53 112 114 114 115 
Rainfed Crops - Kharif 2,272 2,522 2,434 3,345 2,790 2,595 4,004 3,286 
Rainfed Crops - Rabi 2,505 1,106 2,452 1,996 2,074 1,946 362 1,851 
Rainfed Crops - Zaid 0 0 0 0 33 2 31 25 
Fallow land 8,122 12,576 11,958 8,776 8,848 11,107 12,413 11,799 
Irrigated Forest Plantation 61 61 61 61 61 63 66 68 
Irrigated Crops - Kharif 3,598 2,424 2,324 4,243 3,059 2,381 5,879 3,887 
Irrigated Crops - Rabi 2,389 2,251 3,213 2,280 2,417 3,129 581 2,298 
Irrigated Crops – Zaid 0 0 0 0 43 3 104 80 
Irrigated Crops – 
Double/Triple 9,800 7,760 6,274 8,036 9,399 7,742 5,536 5,653 
Managed Water Bodies 699 700 700 700 700 770 671 796 
Urban Paved Surfaces 744 745 746 745 746 748 744 748 
TOTAL 34,435 34,435 34,435 34,435 34,435 34,431 34,430 34,431 

 

Table 18: Area of each land use type per analysed sub-basin. Values are expressed in km2 

Land Use Type K2 2010-
2011 

2011-
2012 

2012-
2013 

2013-
2014 

2014-
2015 

2015-
2016 

2016-
2017 

2017-
2018 

Open Deciduous Forest 32 32 32 32 32 36 35 37 
Shrubland 213 213 213 213 213 214 210 212 
Rivers 366 367 367 367 367 282 319 270 
Waste land  880 902 875 863 834 780 778 780 
Rainfed forest plantation 12 12 12 12 12 13 13 14 
Rainfed Crops - Kharif 851 525 444 808 974 587 1,435 1,031 
Rainfed Crops - Rabi 460 372 589 592 474 686 159 305 
Rainfed Crops - Zaid 0 0 0 0 10 1 14 16 
Fallow land 4,377 6,440 6,278 4,189 4,431 5,821 4,158 5,692 
Irrigated Forest Plantation 48 48 48 48 48 50 51 52 
Irrigated Crops - Kharif 2,718 1,830 1,621 3,156 2,471 1,597 4,587 2,932 
Irrigated Crops - Rabi 1,106 1,181 1,808 1,165 1,059 1,569 384 809 
Irrigated Crops – Zaid 0 0 0 0 12 1 32 38 
Irrigated Crops – Double/Triple 4,149 3,291 2,925 3,767 4,275 3,550 3,054 2,980 
Managed Water Bodies 344 344 344 344 344 370 327 387 
Urban Paved Surfaces 245 246 246 246 246 245 243 247 
TOTAL 15,802 15,802 15,802 15,802 15,802 15,800 15,800 15,800 

 
Land Use Type K3 2010-

2011 
2011-
2012 

2012-
2013 

2013-
2014 

2014-
2015 

2015-
2016 

2016-
2017 

2017-
2018 

Protected Forest 0 0 0 0 0 0 0 0 
Protected Shrubland 9 9 9 9 9 9 10 9 
Open Deciduous Forest 115 115 115 115 115 115 116 115 
Open Evergreen Forest 2 2 2 2 2 2 2 2 
Shrubland 126 126 126 126 126 128 125 129 
Rivers 87 87 87 87 87 39 65 35 
Waste land  916 926 930 930 921 879 885 883 
Rainfed forest plantation 7 7 7 7 7 8 7 7 
Rainfed Crops - Kharif 522 579 670 716 478 629 911 985 
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Rainfed Crops - Rabi 259 143 187 184 257 165 45 83 
Rainfed Crops - Zaid 0 0 0 0 8 0 7 5 
Fallow land 1,280 1,543 1,688 1,521 1,236 1,437 1,778 1,644 
Irrigated Forest Plantation 6 6 6 6 6 7 7 9 
Irrigated Crops - Kharif 376 283 302 454 250 487 675 549 
Irrigated Crops - Rabi 390 366 495 264 390 261 59 211 
Irrigated Crops – Zaid 0 0 0 0 21 1 52 34 
Irrigated Crops – Double/Triple 2,308 2,212 1,780 1,982 2,491 2,218 1,665 1,684 
Managed Water Bodies 211 211 211 211 211 230 205 233 
Urban Paved Surfaces 210 210 210 210 210 212 209 209 
TOTAL 6,825 6,825 6,825 6,825 6,825 6,825 6,825 6,824 

 
Land Use Type K4 2010-

2011 
2011-
2012 

2012-
2013 

2013-
2014 

2014-
2015 

2015-
2016 

2016-
2017 

2017-
2018 

Open Deciduous Forest 245 245 245 245 245 245 244 251 
Open Evergreen Forest 66 66 66 66 66 69 66 67 
Shrubland 190 190 190 190 190 186 187 188 
Herbaceous Cover 0 0 0 0 0 0 0 0 
Rivers 144 144 144 144 144 70 105 64 
Waste land  801 816 820 812 805 781 781 787 
Rainfed forest plantation 33 33 33 33 93 93 93 94 
Rainfed Crops - Kharif 894 1,411 1,318 1,816 1,334 1,375 1,651 1,265 
Rainfed Crops - Rabi 1,785 591 1,671 1,218 1,342 1,096 158 1,461 
Rainfed Crops - Zaid 0 0 0 0 15 1 9 4 
Fallow land 2,465 4,587 3,986 3,069 3,180 3,839 6,476 4,462 
Irrigated Forest Plantation 6 6 6 6 6 6 7 7 
Irrigated Crops - Kharif 495 305 397 623 331 292 605 398 
Irrigated Crops - Rabi 892 702 908 847 965 1,297 136 1,275 
Irrigated Crops – Zaid 0 0 0 0 9 1 19 8 
Irrigated Crops – Double/Triple 3,333 2,252 1,565 2,280 2,625 1,972 813 985 
Managed Water Bodies 147 147 147 147 147 172 141 178 
Urban Paved Surfaces 288 287 288 288 288 289 289 290 
TOTAL 11,783 11,783 11,783 11,783 11,783 11,783 11,783 11,783 

 

  



72 
 

Annex 2. Remote sensing data and references 

Dataset Definition Start-End Temporal 
resolution 

Spatial 
resolution 

Reference 

Precipitation 
CHIRPS Climate Hazards 

Group InfraRed 
Precipitation with 
Station Data 

01/01/1981 - 
Present 

monthly 0.05 
degrees 

(Funk, et al., 2015) 
Data access: 
ftp://ftp.chg.ucsb.edu/pub/org/chg/products/CHIRPS-2.0/ 

GPM v5 Global Precipitation 
Measurement 

01/06/2000 - 
Present 

monthly 0.1 
degrees 

(Huffman, et al., 2014) 
Data access:  
ftp://arthurhou.pps.eosdis.nasa.gov/gpmdata/  

GPM v6 Global Precipitation 
Measurement 

01/06/2000 - 
Present 

Daily, 
Monthly 

0.1 
degrees 

(Huffman, et al., 2014) 
Data access:  
ftp://arthurhou.pps.eosdis.nasa.gov/gpmdata/  

TRMM Tropical Rainfall 
Measurement 
Mission 

01/01/1998 – 
15/04/2015 

monthly 0.25 
degrees 

(Huffman, et al., 2007) 
Data access:  
https://disc.gsfc.nasa.gov/datasets/TRMM_3B43_7/summary 

Evapotranspiration 
SSEBop  01/01/2003 monthly 0.009652 

degrees 
(Senay, et al., 2013) 
Data access: 
https://edcintl.cr.usgs.gov/downloads/sciweb1/shared/fews/ 
web/global/monthly/eta/downloads/ 

ALEXI  01/01/2003 Weekly  
monthly 

0.05 
degrees 

(Anderson, et al., 2007) 
Data access: 
ftp://ftp.wateraccounting.unesco-ihe.org/WaterAccounting/ 
Data_Satellite/Evaporation/ALEXI/World/  

CMRSET  01/01/2003 monthly 0.05 
degrees 

(Guerschman, et al., 2009) 
Data access: 
ftp://ftp.wateraccounting.unesco-ihe.org/WaterAccounting/ 
Data_Satellite/Evaporation/CMRSET/Global/  
 

ETens  01/01/2003 monthly 0.0025 
degrees 

(IHE Delft, 2020) 
Data access: 
ftp://ftp.wateraccounting.unesco-ihe.org/ 
WaterAccounting_Guest/ETensV1.0/ 

SEBS  01/04/2000 monthly 0.05 
degrees 

(Su, 2002) 
Data access: 
ftp://ftp.wateraccounting.unesco-ihe.org/ 
WaterAccounting/Data_Satellite/Evaporation/SEBS/SEBSold/  

Other data 
ASCAT 
(SWI) 

 01/01/2007 daily 0.1 degree (Bauer-Marschallinger, et al., 2018) 
Data access: 
https://land.copernicus.vgt.vito.be/PDF/datapool/Vegetation/ 
Soil_Water_Index/Daily_SWI_12.5km_Global_V3/ 

LAI  01/01/2007 8-daily 0.00393 
degrees 

(Myneni, et al., 2015) 
Data access: 
https://e4ftl01.cr.usgs.gov/MOLT/MOD15A2H.006/ 

GPP  01/01/2007 8-daily 0.00393 
degrees 

(Running & Zhao, 2015) 
Data access: 
https://e4ftl01.cr.usgs.gov/MOLT/MOD17A2H.006/ 

NPP  01/01/2007 yearly 0.00393 
degrees 

(Running & Zhao, 2015) 
Data access: 
https://e4ftl01.cr.usgs.gov/MOLT/MOD17A3HGF.006/ 

DMP  01/01/2014 decadal 0.00298 (Smets, et al., 2019) 
Data Access: 
https://land.copernicus.vgt.vito.be/ 

GDMP  01/01/2014 decadal 0.00298 (Smets, et al., 2019) 
Data Access: 
https://land.copernicus.vgt.vito.be/ 

GRACE  15/04/2003 monthly  (Luthcke, et al., 2013) 
 

GLDAS 
qs 

 01/01/2007 monthly  (Rodell, et al., 2004) 
Data access: 
https://hydro1.gesdisc.eosdis.nasa.gov/dods/ 

GLDAS 
qbs 

 01/01/2007 monthly  (Rodell, et al., 2004) 
Data access: 
https://hydro1.gesdisc.eosdis.nasa.gov/dods/ 
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Annex 3. Spatial variability of monthly rainfall and actual evapotranspiration 

Data presented in the figures below represents monthly averages of precipitation (CHIRPS data) and actual 
evapotranspiration (SSEBop data) in the period 2006-2018, values are expressed in mm/month. 
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K3 sub-basin 
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K4 sub-basin 
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Annex 4. Yearly water balance computed with RS data and compared with in-situ 
discharge measurements at eight locations within K2, K3, and K4 

Below we present the comparison of observed outflows at seven stations with the remote sensing water 
balance (P-ET-ΔS) computed using: (1) GPM (P) – SSEBop (ET) – GRACE (ΔS), (2) CHIRPS – SSEBop – GRACE. 
The analyzed period is 2006-2017 and the location and size of the catchments draining at the station location 
is presented in Figure 21. 

 

UPPINABETAGERI (257 km2) 

 

 

 

 In-situ SSEBop GPM CHIRPS 
Year Q in-situ ET P P-ET Diff % Diff P P-ET Diff % Diff 

2006-2007 39 163 345 182 142 364 239 76 37 94 
2007-2008 74 161 461 300 226 307 317 155 82 111 
2008-2009 29 151 339 188 159 546 183 32 3 10 
2009-2010 42 170 418 248 206 491 262 92 50 119 
2010-2011 18 198 436 239 221 1,218 291 93 75 415 
2011-2012 36 161 344 183 147 406 181 20 -16 -44 
2012-2013 2 130 332 201 199 8,201 162 32 29 1,210 
2013-2014 12 165 360 195 183 1,512 214 49 37 305 
2014-2015 12 202 391 189 177 1,430 224 22 9 76 
2015-2016 6 115 267 152 146 2,548 142 27 21 369 
2016-2017 0 146 348 201 201  180 33 33  
Average 25 160 367 207 183 741 218 57 33 133 
 

 

 

 



80 
 

HUDLI (265 km2) 

 

 

 

 In-situ SSEBop GPM CHIRPS 
Year Q in-situ ET P P-ET Diff % Diff P P-ET Diff % Diff 

2006-2007 31 192 410 217 141 31 333 141 110 356 
2007-2008 123 208 494 286 205 123 413 205 81 66 
2008-2009 62 172 363 191 53 62 225 53 -9 -15 
2009-2010 193 208 448 239 141 193 349 141 -52 -27 
2010-2011 157 216 477 261 183 157 398 183 25 16 
2011-2012 184 196 411 215 44 184 240 44 -140 -76 
2012-2013 44 168 351 184 37 44 204 37 -7 -16 
2013-2014 113 200 392 192 82 113 282 82 -31 -27 
2014-2015 150 230 414 185 62 150 292 62 -88 -58 
2015-2016 52 128 280 152 49 52 177 49 -3 -6 
2016-2017 154 177 422 245 81 154 259 81 -73 -47 
Average 115 190 406 215 98 115 288 98 -17 -15 
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KHANAPUR (518 km2) 

 

 

 

 In-situ SSEBop GPM CHIRPS 
Year Q in-situ ET P P-ET Diff % Diff P P-ET Diff % Diff 

2006-2007 1,991 548 1,012 464 -1,527 -77 997 449 -1,542 -77 
2007-2008 1,935 568 1,277 709 -1,226 -63 1,304 736 -1,199 -62 
2008-2009 1,690 534 980 447 -1,243 -74 710 176 -1,514 -90 
2009-2010 2,096 599 1,144 545 -1,551 -74 1,021 421 -1,675 -80 
2010-2011 2,159 605 1,205 600 -1,559 -72 1,202 597 -1,562 -72 
2011-2012 995 574 1,085 511 -484 -49 802 227 -767 -77 
2012-2013 1,237 574 994 420 -816 -66 605 31 -1,206 -98 
2013-2014 1,044 595 1,063 468 -576 -55 801 206 -838 -80 
2014-2015 945 648 1,076 428 -517 -55 897 248 -697 -74 
2015-2016 272 546 789 243 -29 -11 550 4 -268 -99 
2016-2017 470 594 1,040 446 -24 -5 746 151 -319 -68 
Average 1,348 581 1,061 480 -868 -64 876 295 -1,053 -78 
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SARWAD (637 km2) 

 

 

 

 In-situ SSEBop GPM CHIRPS 
Year Q in-situ ET P P-ET Diff % Diff P P-ET Diff % Diff 

2006-2007 64 187 493 306 242 379 404 217 153 240 
2007-2008 64 203 489 286 222 346 550 347 283 441 
2008-2009 31 191 381 191 159 506 340 150 118 376 
2009-2010 381 222 545 323 -58 -15 443 220 -161 -42 
2010-2011 119 230 527 297 179 151 540 310 192 162 
2011-2012 23 207 288 81 58 251 263 57 33 145 
2012-2013 1 141 224 83 82 6,604 317 176 175 14,147 
2013-2014 67 198 424 226 160 239 456 258 191 286 
2014-2015 48 199 348 149 101 209 311 112 64 132 
2015-2016 79 151 209 58 -21 -27 274 123 43 55 
2016-2017 4 175 328 153 149 3,466 404 229 225 5,233 
Average 80 191 387 196 116 144 391 200 120 149 
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CHIKKALGUD (1,056 km2) 

 

 

 

 In-situ SSEBop GPM CHIRPS 
Year Q in-situ ET P P-ET Diff % Diff P P-ET Diff % Diff 

2006-2007 2,707 856 1,874 1,018 -1,689 -62 1,828 972 -1,736 -64 
2007-2008 2,022 832 2,032 1,200 -822 -41 2,139 1,307 -715 -35 
2008-2009 1,631 747 1,680 934 -697 -43 1,116 369 -1,261 -77 
2009-2010 1,974 892 1,812 920 -1,054 -53 1,664 772 -1,202 -61 
2010-2011 1,951 920 2,057 1,137 -813 -42 2,083 1,163 -787 -40 
2011-2012 3,786 829 1,831 1,002 -2,784 -74 1,297 467 -3,319 -88 
2012-2013 1,886 788 1,581 794 -1,092 -58 1,046 258 -1,628 -86 
2013-2014 1,880 880 1,742 862 -1,019 -54 1,428 548 -1,333 -71 
2014-2015 1,440 964 1,667 703 -737 -51 1,375 412 -1,029 -71 
2015-2016 855 696 1,229 533 -322 -38 879 183 -672 -79 
2016-2017 1,762 779 1,941 1,162 -601 -34 1,436 657 -1,105 -63 
Average 1,990 835 1,768 933 -1,057 -53 1,481 646 -1,344 -68 
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ALAGAWADI (1,233 km2) 

 

 

 

 In-situ SSEBop GPM CHIRPS 
Year Q in-situ ET P P-ET Diff % Diff P P-ET Diff % Diff 

2006-2007 166 602 1,399 796 630 380 850 247 81 49 
2007-2008 232 640 1,918 1,278 1,046 450 1,155 515 283 122 
2008-2009 97 579 1,400 821 723 743 651 72 -26 -26 
2009-2010 279 670 1,790 1,121 841 301 1,005 335 56 20 
2010-2011 127 745 1,808 1,063 935 736 1,043 298 171 135 
2011-2012 128 541 1,340 799 671 524 650 109 -19 -15 
2012-2013 27 399 1,332 934 907 3,399 640 241 215 804 
2013-2014 91 620 1,482 862 771 849 841 221 130 143 
2014-2015 65 738 1,589 852 787 1,210 817 80 15 23 
2015-2016 66 358 1,105 747 681 1,030 553 195 129 194 
2016-2017 66 461 1,354 893 827 1,249 677 216 150 226 
Average 122 578 1,502 924 802 656 807 230 108 88 
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LOLSUR (3,907 km2) 

 

 

 

 In-situ SSEBop GPM CHIRPS 
Year Q in-situ ET P P-ET Diff % Diff P P-ET Diff % Diff 

2006-2007 2,446 3,158 6,538 3,381 934 38 6,147 2,990 543 22 
2007-2008 2,179 3,236 7,470 4,234 2,054 94 7,373 4,137 1,958 90 
2008-2009 1,588 2,826 5,926 3,101 1,513 95 3,910 1,084 -504 -32 
2009-2010 1,980 3,352 6,655 3,303 1,323 67 5,904 2,552 571 29 
2010-2011 1,968 3,531 7,343 3,812 1,844 94 7,089 3,558 1,590 81 
2011-2012 2,704 3,181 6,453 3,272 568 21 4,498 1,317 -1,387 -51 
2012-2013 873 3,036 5,593 2,557 1,684 193 3,647 611 -262 -30 
2013-2014 1,442 3,382 6,243 2,861 1,420 98 4,976 1,594 152 11 
2014-2015 1,300 3,706 6,147 2,440 1,141 88 4,904 1,197 -103 -8 
2015-2016 574 2,531 4,408 1,877 1,303 227 3,083 552 -22 -4 
2016-2017 905 3,071 6,744 3,673 2,768 306 4,856 1,785 880 97 
Average 1,633 3,183 6,320 3,137 1,505 92 5,126 1,943 311 19 
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MENASAGI (4,397 km2) 

 

 

 

 In-situ SSEBop GPM CHIRPS 
Year Q in-situ ET P P-ET Diff % Diff P P-ET Diff % Diff 

2006-2007 512 1,918 4,259 2,341 1,829 357 2,718 799 288 56 
2007-2008 689 2,108 6,029 3,921 3,232 469 3,782 1,674 985 143 
2008-2009 412 1,795 4,104 2,310 1,898 461 2,222 427 15 4 
2009-2010 587 2,145 5,511 3,367 2,780 474 3,530 1,386 799 136 
2010-2011 573 2,491 5,622 3,131 2,558 446 3,513 1,022 449 78 
2011-2012 525 1,713 3,759 2,047 1,522 290 2,142 429 -96 -18 
2012-2013 143 1,220 3,974 2,754 2,610 1,824 2,376 1,156 1,013 708 
2013-2014 444 1,917 4,466 2,549 2,105 474 3,099 1,182 738 166 
2014-2015 446 2,288 4,734 2,446 2,000 449 2,995 707 262 59 
2015-2016 207 1,083 3,338 2,254 2,047 990 2,058 975 768 371 
2016-2017 61 1,370 3,588 2,218 2,156 3,532 2,271 901 840 1,375 
Average 418 1,823 4,489 2,667 2,249 538 2,791 969 551 132 
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Annex 5. Year to year spatial variation of the water yield (P-ET) 

Below we present the spatial variation of the yearly water yield in the period 2006-2018 in the study area. 
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Annex 6. Inputs, Outputs and parameters of the vertical water balance model 

Below we provide a full list of the inputs, outputs and model parameters used in the vertical water balance 
model. 

Input Unit File format 
Precipitation mm/month NetCDF 
Actual Evapotranspiration mm/month NetCDF 
Interception mm/month NetCDF 
Number of rainy days mm/month NetCDF 
LU LU class (yearly) NetCDF 
Saturated Water Content m3/m3 NetCDF 

 

Output Unit File format 
ETblue mm/month NetCDF 
ETgreen mm/month NetCDF 
SRO: surface runoff (which include the overflow du to 
saturated conditions) 

mm/month NetCDF 

D_SRO: incremental runoff mm/month NetCDF 
PERC: percolation mm/month NetCDF 
D_PERC: incremental percolation mm/month NetCDF 
Supply mm/month NetCDF 
SM: soil moisture mm/month NetCDF 
GW: groundwater storage mm/month NetCDF 
BF: base flow mm/month NetCDF 
TF: total flow mm/month NetCDF 
OVERFLOW mm/month NetCDF 
DEEP PERCOLATION mm/month NetCDF 

 

Parameter Unit File format Value 
Root depth mm (yearly) table See Table 9 
Consumed fraction % table Irrigated crops = 0.7 

All other classes = 1.0 
f_c (percolation factor) (-) Single value 70 
F_Smax (threshold for percolation) % Single value 0.9 
cf (correction factor of SMmax in SRO 
computation) 

(-) Single value 3 

f_bf (baseflow factor) % Single value 0.05 
Deep percolation factor % Single value 0.3 
G0 (initial groundwater storage) mm/month Single value 50 
SM0_f (factor for computing initial soil moisture 
content) 

% Single value 0.6 
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Annex 7. Spatial results of the vertical water balance model 

Below we present the yearly average (2010-2018) of water fluxes and storages which are taken into account 
by the pixel water balance model. 

 

Precipitation 2010-2018 (input: CHIRPS) 
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Annex 8. Yearly results of the WA+ sheets for the three analysed sub-basins 

K2  

Sheet 1: Resource Base 
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Sheet 2: Evapotranspiration 
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Sheet 3: Agricultural Services 

 

Sheet 4: Utilized Flow 
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Sheet 5: Surface Water 
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Sheet 6: Groundwater 
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K3  

Sheet 1: Resource Base 

 



109 
 

 

 



110 
 

 

 



111 
 

 

 



112 
 

 

Sheet 2: Evapotranspiration 

 



113 
 

 

 



114 
 

 

 

Sheet 3: Agricultural Services 
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Sheet 4: Utilized Flow 
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Sheet 5: Surface Water 
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Sheet 6: Groundwater 
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K4  

Sheet 1: Resource Base 
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Sheet 2: Evapotranspiration 
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Sheet 3: Agricultural Services 

 

Sheet 4: Utilized Flow 
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Sheet 5: Surface Water 
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Sheet 6: Groundwater 
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