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1. Introduction 
 
The Transboundary Waters Assessment Programme (TWAP), funded by the Global 
Environment Facility (GEF) and implemented by the United Nations Environment 
Programme (UNEP) had a major goal to provide an indicator-based assessment of the status 
of, and threats to, the transboundary water resources of the world (visit http://geftwap.org/ for 
details). The ‘Lakes Working Group of the TWAP’ that dealt with identification of all 
transboundary lakes and reservoirs, their comprehensive assessments, and risk ranking was 
led by the International Lake Environment Committee (ILEC). Located on the shoreline of 
Lake Biwa, an ancient lake in Japan, ILEC focuses on promoting rational management of 
lakes and their catchment areas, consistent with the underlying policy of sustainable 
development. Visit https://www.ilec.or.jp/en/ for more information. 
 
The TWAP Lakes Group adopted ILEC’s Integrated Lake Basin Management (ILBM) and its 
extension as Integrated Lentic-Lotic Basin Management (ILLBM) framework as the major 
tool for the assessment of all transboundary (TB) lakes (Rast et al. 2016). The very first step 
of this comprehensive assessment, obviously, comprised of identification of all TB lakes and 
delineation of their drainage basins. We used a GIS-based methodology for this purpose, 
which  is described in a little modified version in the below subsections.   
 
 
2. Basin Delineation Methodology 
 
2.1 Identification of TB Lakes 
 
Despite the absence of uniform lake data on a global scale and existing fuzziness in the 
definition of TB water bodies, we finalized 206 lakes and reservoirs for the TWAP Lakes 
project. We selected only those lakes that are larger than 1 square kilometers in area and are 
located between at least two countries. To identify them, we used different geographical 
databases including Shuttle Radar Topography Mission’s (SRTM) Water Body Data (SWBD) 
(http://dds.cr.usgs.gov/srtm/version2_1/SWBD/), WWF Global Lakes and Wetlands Data 
Base (GLWD), USGS HydroSHED, and Google Earth. The lakes and reservoirs selected for 
the project are shown in Figure 1. 
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Figure 1. Lakes and reservoirs identified as transboundary for the TWAP Project. 
 
 
2.2 Delineation of lake basins 
 
Stresses to a lake emanate from its drainage basin, which ultimately determine the health of 
that lake, i.e. quality and quantity of its water. Therefore, it is important to determine an 
accurate areal extent of the watershed of the lakes before making any threat assessments. 
Although various databases on river-lake basins exist these days, none are comprehensive. 
Moreover, authentic and accurate watershed boundary data are not available for all lakes of 
the world. This data deficiency is particularly evident for lake basins located in remote areas 
or with sparse basin populations, highlighting the need of a detailed spatial methodology that 
can be used to custom-generate the basin boundaries. Accordingly, a GIS-based method using 
digital elevation model (DEM) has been widely employed for delineating watersheds.  
 
The general procedure used to delineate the transboundary lake basins is highlighted as 
follows: 
 
1. Once the lakes to be studied are identified (e.g. Lake Nakuru in this illustration – Figure 

2), the next step is to prepare the DEM surface for the basin area. For the TWAP Lake 
project, the DEMs were downloaded from the SRTM data (http://earthexplorer.usgs.gov/) 
and Aster GDEM (http://gdex.cr.usgs.gov/gdex/.) For basins requiring more than 20 
SRTM tiles, GMTED2010 data with 15 arc second resolution were used. For some lake 
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basins, the result was supported/corrected with the results of GTOPO30 DEM. Various 
online data repositories are available for elevation data these days. 

 
Figure 2. Lake Nakuru (chosen for illustration purpose) displayed on a base-map in a GIS 

interface. 
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2. The downloaded SRTM raster tiles were mosaicked (merged) and projected within 
appropriate coordinate system. Although the voids in most SRTM tiles were filled, there 
nevertheless remained some with gaps, particularly those covering areas in mountainous 
and desert regions. The gaps were filled, utilizing moving windows of different sizes in 
Raster Calculator tool of ArcGIS. (Note: QGIS also has Raster Calculator, with the same 
functions working in a similar way). Ancillary datasets such as Aster GDEM were also 
utilized for wider gaps.   

3. The projected DEMs were converted into Hillshade for a better view.  

 
Figure 3. Lake Nakuru overlaid on hillshade of the area. 
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4. After obtaining the void-free DEM for the basin areas, a testing time awaited. A DEM 

typically contains a good number of sinks or depressions, which are single or multiple 
pixels surrounded by pixels of higher elevation. Some of these sinks are naturally 
occurring landscape features, representing closed (inland) basins with no outlets. Others 
are spurious, often produced during the process of DEM production. The spurious sinks 
are critical problems in hydrological applications, since they interrupt continuous flow 
across the DEM surface. Thus, it is essential to distinguish the anomalous sinks from the 
natural ones and to remove them. Different GIS raster calculation functions, such as 
subtracting the original DEM from a ‘filled’ DEM, and moving windows were used to 
separate natural sinks. Intensive GIS-assisted manual steps were carried out.  Internet 
search and visual inspection of imageries (e.g., Google Earth), along with overlaying of 
river networks, assisted in confirming whether or not a sink represented a natural 
endorheic basin. The identified natural sinks were preserved by seeding ‘NoData’ value in 
the DEM, and removing all the spurious ones.   

5. After completion of the above steps, the hydrologically conditioned DEM is ready to be 
used as an input to the tools from Hydrology toolset of the Spatial Analyst extension in 
ArcGIS suite. We used ‘Fill,’ ‘Flow Direction,’ ‘Flow Accumulation,’ ‘Stream to Feature’ 
and ‘Watershed’ tools in a series for creating the streams and lake basins. A rasterized 
lake area was used as the pour point when running the ‘Watershed’ tool. As stated above, 
a spurious empty (NoData) cell should be created in the DEM in the middle of the lake 
before running the ‘Hydrology’ tools for a closed basin. Alternatively, the DEM could be 
burnt with empty cells for the whole lake area. For example, this was done for Lake 
Nakuru as it is an endorheic lake. (Note: The TWAP Lake project used ArcGIS to 
delineate all the TB lake basins. However, exactly same (equivalent) tools by the same 
names exist in QGIS. They can be typed in the ‘Processing Toolbox’ window to search 
simply by clicking Processing on Menu bar and then clicking on Toolbox. QGIS provides 
detail on these different tools under Hydrological Analysis in its documentation at 
https://docs.qgis.org/2.8/en/docs/training_manual/processing/hydro.html. Or YouTube 
video such as this (https://www.youtube.com/watch?v=Ro-RRzMMw-c) are very 
straightforward.  
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Figure 4. Result of running the Flow Direction tool in a GIS for Lake Nakuru 

(when the DEM was converted to flow direction raster surface). 
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Figure 5. Output of the Flow Accumulation tool in ArcGIS for Lake Nakuru 

(when the DEM was converted to flow accumulation raster surface). 
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Figure 6. Result of running ‘Watershed’ tool in ArcGIS for Nakuru watershed 

(showing the drainage basin and the streams flowing into the lake). 
 

6. The lake drainage basins created on the basis of the above steps were compared with 
HydroSHEDS data. Given the robustness and comprehensiveness of their methodology 
for creating a global database of river networks and drainage basins (Lehner et al. 2006), it 
was assumed the HydroSHEDS data possesses a plausible accuracy. The results were 
visualized vis-à-vis their product to assess the spatial correspondence. Moreover, for every 
lake, the created basin was converted to a KML file and subsequently displayed on 
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Google Map, allowing for the visual verification of the accuracy of the drainage polygon. 
This visualization on Google Earth was helpful in confirming the accuracy of, and making 
further corrections to, the basin polygons. The accuracy of the results was occasionally 
improved on the basis of hydrological/topographical knowledge and familiarity with local 
geography, as well as the use of ancillary data (e.g., country specific hydrography 
datasets) produced by local agencies. 

7. Because there were no SRTM or SWBD datasets available for the regions beyond 600 
North or South latitudes (e.g., lakes bordering Finland and Russia), the GMTED2010 data 
set was used for these regions.  The HydroSHEDS data also were not available for 
comparison purposes.  Accordingly, the basins for these regions were created by digitizing 
on Google Earth, which later would be imported to ArcGIS. 

8. The lake-basin polygons, created as Shapefile, were also converted to KML files in order 
to allow visualization of the results on both ArcGIS and Google Earth. 
 

 
 

Figure 7. Lake Nakuru, its drainage basin and the streams displayed on Google Earth. 
 
 
3. Overlay and Computation of Various Lake-Basin Indicator Data 
 
Since the in-lake conditions are directly dependent on the stresses originated from 
surrounding areas, a comprehensive assessment of a lake should take into account the whole 
basin characteristics. This is important specifically in threat ranking of the lakes (e.g. the TB 
lakes). The overall threat index should be computed based on multiple basin characteristics or 
criteria such as lake-basin ratio, population density, urban density, land cover type, and total 
annual precipitation. The list of such factors goes on and on. For example, the lake basin 
indicators included in the TWAP project are listed in Table 1 found in the Appendix of this 
document.    
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Different GIS operations and spatial techniques can be used to visualize and compute these 
lake-basin indicators. Sometimes, these indicators that are often available in the form of 
gridded data can be simply overlaid upon the lake and its basin boundary in a GIS (Figure 8). 
This allows visual assessment of the indicator for one lake-basin at a time. This simple 
visualization of the indicators can be informative at times. However, the visualization of basin 
indicators through spatial overlay is not enough, specifically for a true and comprehensive 
assessment. The indicator data values should be computed for each lake-basin in order to 
make statistical assessment and comparison among multiple lake-basins. For example, 
average population density within all lake-basins should be computed if our purpose is to 
compare Nakuru basin with other lake-basins, for instance. The average population density of 
a basin (e.g. Nakuru) is computed by taking an average of all the pixel (grid cell) values that 
fall within the basin polygon. This process involves basin boundary as the vector data and 
population density as the raster data, i.e. in the gridded form. In ArcMap, we can use Zonal 
Statistics as Table tool and select Mean function for this purpose. QGIS has an equivalent tool 
by the same name with same parameters.  
 

 
 

Figure 8. Water systems, land cover, population density and water stress in Lake Victoria 
region of Africa Rift Valley 

 
Thankfully, there are multiple GIS tools and functions to accomplish the task of computing 
basin-scale indicator values. For the TWAP Lakes project, we used the aforementioned 
method by running Zonal Statistics as Table tool to compute basin variables including 
population density, relative water stress, nutrient loadings (e.g. Nitrogen loading), incident 
biodiversity threat, dam density, soil salinity, total annual precipitation, and average annual 
temperature. All of these indicator data were available as raster surfaces from different 
sources. We computed these indicator/factor values for all TB lake-basins. However, the land 
cover based factors such as ‘percent agricultural land,’ ‘percent impervious surface’ and 
‘percent wetland’ had to be computed in a little different way as we cannot run the Zonal 
Statistics tool in a direct manner. For this, we created a custom-tool using Python 
Programming language that would automate the steps for counting the total number of raster 
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pixels within the lake-basin polygon, computing the total pixels for each land cover class such 
as wetland, and finally computing the percent value by dividing the count for single class by 
the total count and multiplying by 100. Thus, we computed all the indicator values for all TB 
lakes, which allowed us to compare and rank them as shown in Figure 9. Full information 
about this is available at http://geftwap.org/water-systems/lake-reservoir-basins. We adopted 
the methodology developed by Vorosmarty et al. (2010) in computing individual indicators. 
 

 
 

Figure 9. A snapshot of the ranking table for South American TB lakes based on various 
indicator values. 

 
 
4. Conclusion 
 
In this document, we presented a few selected illustrations to show how simple GIS-based 
overlay operations can be used to help make comprehensive assessments of lake/river-basins, 
and their risk ranking, which ultimately provides a paramount amount of help to make 
decisions toward an efficient management of our stressed resources of surface water. The 
starting task to this end is to delineate the drainage basins of the lakes, which is accomplished 
by using commonly available GIS tools and functions. 
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Appendix 
 
Table 1. Some of the lake-basin stress indicators/factors computed for TWAP Lakes Project. 
 

Data/Indicator/Factor Meaning/Short Description Source 

Shoreline Length (km) Circumference of the lake GIS derived 

Lake Area (km2) Area of the lake  GIS derived 

Basin Area (km2) Area of the basin GIS derived 

Mean Annual Air 
Temperature (0F) 

Average annual temperature http://www.worldclim.org/current  

Total Annual 
Precipitation (mm) 

Total Annual Precipitation http://www.worldclim.org/current  

Total Annual Evapo-
transpiration (mm) 

Total Annual Evapo-transpiration http://www.worldclim.org/current  

Relative Water Stress 
(unitless ratio) 

This indicator provides a measure of 
the water demand pressures from the 
domestic, industrial and agricultural 
sectors relative to the local and 
upstream water supplies. Areas 
experiencing water stress and water 
scarcity can be identified by relative 
water demand ratios exceeding 0.2 and 
0.4, respectively. A threshold of 0.4 (or 
40% use relative to supply) signifies 
severely water stressed conditions  

http://wwdrii.sr.unh.edu/download.html 

Nitrogen Loading 
(normalized ratio 
ranging 0-1) 

Nitrogen loadings http://riverthreat.net/data.html 

Phosphorus Loading 
(normalized ratio 
ranging 0-1) 

Phosphorus loadings http://riverthreat.net/data.html 

Sediment Loading 
(normalized ratio 
ranging 0-1) 

Sediment loadings http://riverthreat.net/data.html 

Pesticide Loading 
(normalized ratio 
ranging 0-1) 

Pesticide loadings http://riverthreat.net/data.html 

Agricultural Water Use  
(millions of m3/year) 

Agricultural use measured as irrigation 
withdrawals for 2000 (in millions of 
cubic meters per year) at 30 minute 
(lattitude by longitude) resolution 
(Vorosmarty et al., 2005) 

http://wwdrii.sr.unh.edu/download.html 

Industrial Water Use  
(millions of m3/year) 

Industrial usage was applied in 
proportion to urban population. Grid-
based aggregates at 30-min resolution 
were then determined for domestic plus 
industrial water demand. 

http://wwdrii.sr.unh.edu/download.html 

Domestic Water Use  
(millions of m3/year) 

 Domestic water demand was 
computed on a per capita basis for each 
country and distributed geographically 
with respect to the 1-km total 
population field.  

http://wwdrii.sr.unh.edu/download.html 
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Total Population 2000 Population counts http://sedac.ciesin.columbia.edu/data/set/
grump-v1-population-density/data-
download 

Population Density 
2000 

Number of people living in 1 square 
kilometers of area 

http://sedac.ciesin.columbia.edu/data/set/
grump-v1-population-density/data-
download 

Total Population 2010 Population counts http://sedac.ciesin.columbia.edu/data/set/
grump-v1-population-density/data-
download 

Population Density 
2010 

Number of people living in 1 square 
kilometers of area 

http://sedac.ciesin.columbia.edu/data/set/
grump-v1-population-density/data-
download 

Total Population 2015 Population counts http://sedac.ciesin.columbia.edu/data/set/
grump-v1-population-density/data-
download 

Population Density 
2015 

Number of people living in 1 square 
kilometers of area 

http://sedac.ciesin.columbia.edu/data/set/
grump-v1-population-density/data-
download 

Land Use Percentage 
by Area 

Percent area for each of the seven land 
use types within the given lake basin 

http://www.fao.org/geonetwork/srv/en/m
ain.home 

Judicial Fragmentation Simply defined as how many countries 
are intersected by a given lake basin 
polygon 

GIS derived 

GNI Per Capita (in US 
dollars 2012) 

Gross National Income per capita http://wdi.worldbank.org/table/1.1# 

PPP Per Capita (in US 
dollars 2012) 

Purchasing Power Parity per capita http://wdi.worldbank.org/table/1.1 

Relative Population 
Pressure 

Simply defined as a ratio of lake 
volume to the total population within 
the labe basin 

GIS derived 

HDI Human Development Index (a ratio 
ranging between 0-1) 

http://hdr.undp.org 

Hydrological Position Defined as a ratio of total annual 
precipitation in the lake basin to the 
total annual precipitation in the 
corresponding transboundary river 
basin 

GIS derived 

Lake to Basin Ratio A ratio of lake area to basin area GIS derived 

Lenticity Defined as a ratio of lake area (a proxy 
for the lake's water volume at this 
stage) to the total annual precipitation 
of falling within the lake basin  

GIS derived 

 


