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ABSTRACT 

Using geographic information system techniques, elevation derived datasets such as flow accumulation, flow direction, 
hillsope and flow length were used to delineate river basin boundaries and networks. These datasets included both 
HYDRO1K (based on 1 km resolution DEM) and HydroSHEDs (based on 100 meter Shuttle Radar Topography Mis-
sion). Additional spatial data processing of global landuse and soil type data were used to derive grids representing soil 
depth, texture, hydraulic conductivity, water holding capacity, and curve number. These grids were input to the Geospa-
tial Stream Flow model to calculate overland flow (both travel time and velocity). The model was applied to river ba-
sins across several continents to calculate river discharge and velocity based on the use of satellite derived rainfall esti-
mates, numerical weather forecast fields, and geographic data sets describing the land surface. Model output was com-
pared to historical stream gauge observations as a validation step. The stream networks with associated discharge and 
velocity are used as input to a riverine water contamination model. 
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1. Introduction 

Modeling the fate and transport of waterborne contami- 
nants in rivers and watersheds requires fundamental 
knowledge of the hydrologic cycle. The processes are 
well known and hydrologic models have been developed. 
The limiting factor in applying these models is the un- 
derlying data. Data sources for rivers and watersheds in 
the United States have been integrated with models [1-5] 
to simulate both deliberate and accidental releases. 
However, for applications outside the US, little or no 
waterborne modeling has been done for chemical, bio- 
logical or radiological constituents. 

The physical processes involved in watershed analysis 
start with the deposition of water on the earth’s surface 
as rain or snow. The liquid water (including snow melt) 
then moves over the surface forced by gravity to seek the 
lowest point in the terrain. As the liquid flows over the 
surface, some of it percolates into the soil. The fraction 
going into the soil depends on the land cover, soil texture 
and saturation, which in turn depends on the rate at 
which the soil dries out due to evapotranspiration. 

The application of transport models is dependent on 
the availability of data to implement the modeling and to 
verify model fidelity. To apply complex models to wa- 
tersheds, simplification and adaptation are necessary to 
address the complexity of each individual modeling do- 

main. For a given setting, some terms in the governing 
equations are less important than others, allowing simpli- 
fication and a more efficient implementation. However, 
over-simplification can result in simulation models that 
are far removed from the physical, chemical, or biologi- 
cal characteristics of water bodies. 

Global river flows are an important input (boundary 
condition) to estuarine, coastal and oceanic models. 
Real-time river flow [6] is also a critical input to river 
models used to portray transport and dispersion of toxic 
contaminants released deliberately or accidentally on- 
shore. In the absence of a network of real-time river 
gages, as is available in the US, alternative means are 
required for calculating the flow of drainage streams and 
rivers. 

Two models (GeoSFM and ICWater) were used, re- 
spectively, to create drainage networks (with associated 
flows and velocities) and to perform contaminant trans- 
port based on these networks. The GeoSFM processes 
and datasets are described in section 2 below. The appli- 
cation of ICWater for downstream contaminant transport 
and dispersion is discussed in Section 4. 

2. Hydrologic Data Processing 

In this study, the first step in the process was to assemble 
hydrologic and terrain data sets from remotely sensed  
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data. This includes: digital elevation model, land use, 
soils, catchment boundaries, stream network, precipita- 
tion, and evapotranspiration. Parameterization of the ba- 
sins’ hydrologic properties is accomplished through the 
use of three data sets describing the surface topography, 
land cover, and soils. In addition, literature searches are 
performed to gather additional hydrologic data to fill data 
gaps (this may yield additional local data that can be 
used to enhance the digital datasets and to perform model 
calibration). Once this process is complete, river dis- 
charge is calculated using hydrologic modeling tech- 
niques within the GeoSpatial Stream Flow Model (Geo- 
SFM) (Figure 1). 

The USGS [7,8] developed GeoSFM, which makes 
use of terrain, vegetative cover, soil absorption charac- 
teristics, precipitation and evapotranspiration data to 
calculate river flow. Much of the input data for GeoSFM 
are derived from satellite observations. The GeoSFM has 
been applied successfully in a portion of Africa [9,10] 
using HYDRO1K [11]. In recent applications [12], 
HYDRO1K has been replaced by HydroSHEDS, a 
higher resolution stream network [13]. 

HydroSHEDS is derived from elevation data of the 
Shuttle Radar Topography Mission (SRTM) at 3 arc- 
second resolution. The original SRTM data have been 
hydrologically conditioned using a sequence of auto- 
mated procedures. Existing methods of data enhancement 
and newly developed algorithms have been applied, in- 
cluding void-filling, filtering, stream burning, and up- 
scaling techniques. Manual corrections were made where 
necessary. Preliminary quality assessments indicate that 
the resolution of HydroSHEDS significantly exceeds that  
 

 

Figure 1. GeoSFM data sets and processing steps [7]. 

of existing global watershed and river maps [13]. Hy- 
droSHEDS vector and raster datasets include: stream 
networks, watershed boundaries, drainage directions, and 
ancillary data layers such as flow accumulations, dis- 
tances, and river topology information. 

The Digital Soil Map of the World [14] was derived 
from an original compilation at 1:5,000,000 scale. At- 
tributes for the soil associations are used to set hydraulic 
parameters that govern interflow, soil moisture content, 
and deep percolation to the ground water table. Rates at 
which subsurface layers release water to the stream net- 
work also depend on these physical soil attributes. Global 
Land Use/Land Cover was provided by the USGS [15]. 

Daily precipitation is obtained from the National Oce- 
anic and Atmospheric and Administration (NOAA) Cli- 
mate Prediction Center Morphing technique (CMORPH) 
[16]. CMORPH produces global precipitation analyses at 
very high spatial and temporal resolutions. This tech- 
nique uses precipitation estimates that have been derived 
exclusively from low Earth orbit satellite microwave ob- 
servations, and whose features are transported via spatial 
propagation information that is obtained entirely from 
geostationary satellite IR data. CMORPH is not a pre- 
cipitation estimation algorithm but a means by which 
estimates from existing microwave rainfall algorithms 
can be combined. Therefore, this method is extremely 
flexible such that any precipitation estimates from any 
microwave satellite source can be incorporated. 
CMORPH data is available in GIS format on a 1/4 × 1/4 
degree grid. 

Daily net precipitation and evapotranspiration (PET) 
data is also obtained from the USGS Global Data As- 
similation System. PET is the maximum extraction rate 
from soil and is based on air temperature, atmospheric 
pressure, wind speed, relative humidity, and solar radia- 
tion (long wave, short wave, outgoing and incoming). 
The daily PET is calculated on a spatial basis using the 
Penman-Monteith equation and the formulation of Shut- 
tleworth [17]. GeoSFM converts PET to actual daily 
evapotranspiration based on antecedent soil moisture 
conditions. PET is available on a 1 × 1 degree grid [18]. 

3. River Basin Modeling Results 

For this project, six river basins (Danube, Dneister, Kura- 
Araks, Yangtze, Hwang he and Mekong) were selected 
as case studies (Figure 2). The river basin boundaries are 
based on two datasets: a revised version of the Major 
Watersheds of the World dataset-distributed through the 
International Water Management Institute [19] and the 
EROS Data Center HYDRO1K basin boundaries devel- 
oped at the US Geological Survey [11]. River basin 
boundaries were digitally derived using ETOPO5, 5- 
minute gridded elevation data, and known locations of   
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Figure 2. Major river basins of the world and the six case study basins [21]. 
 
rivers. The HYDRO1K is a geographic database derived 
from the USGS’ 30 arc-second digital elevation model of 
the world, GTOPO30. The results of the stream delinea- 
tion for the Dneister River Basin are shown in Figure 3. 
Observed [21] and simulated peak and annual average 
flows at the mouth of the Dneister are in good agreement 
as shown in Table 1. Similar results [22] are presented 
for the Kura-Araks basin (Figure 4 and Table 2). 

 The basin map for the Mekong River is shown in Fig- 
ure 5. The average flow from nine gauging stations was 
obtained from the Mekong River Commission [23] for 
use in comparing observed and simulated flows. This 
comparison of averaged observed and simulated flows is 
tabulated in Table 3. Although not shown in this paper, 
similar river delineations and flow comparisons were 
made for the Danube, Yangtze and Hwang He basins. 

Figure 3. Map of the Dneister River Basin. 
 
Table 1. Comparison of observed [21] and simulated flows 
for the Dneister River Basin. 

Parameter 
Observed [16] 

(@ the mouth of the  
Dniester) 

Simulated 
(2006-2010) 

Peak Flow 2600 m3/s 2175 m3/s 

Annual Average Flow 10.7 Billion m3 10.6 Billion m3

Total Flow 9.1 km3 10.6 k m3 

4. Riverine Contamination Modeling 

The output of GeoSFM can serve as input to the Incident 
Command Tool for Drinking Water protection (ICWater). 
ICWater was developed with the RiverSpill modeling 
tool [24] as the hydrological engine. The RiverSpill sys- 
tem allows the user to track a chemical or biological 
agent, under real-time flow conditions, from the point of 
introduction to downstream water supply intakes. It de- 
termines the concentration and decay rate of an agent as 
it is dispersed within the water and identifies the popula- 
tion served by the water system that may be at risk. 
ICWater integrates multiple sources of information to 
give decision makers concise summaries of current con- 
ditions and forecasts of future consequences of contami-  

 
nated public water supplies. The time-dependent distri- 
bution of contaminant concentrations, simulated by mod- 
eled dispersion, dilution and substance decay, is reported 
for contaminants arriving at drinking water intakes. Fig-  
ure 6 shows the current functionality in ICWater. 

ICWater calculates the downstream concentration us- 
ing the dispersion equation to create the downstream 
trace. Runoff is incorporated into the downstream calcu- 
lation based on deposition from an atmospheric trans- 
port/dispersion model or user input. Runoff from atmos-  
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Figure 4. Map of the Kura-Araks River basin. 
 

Table 2. Comparison of observed [22] and simulated flows for the Kura-Araks River Basin. 

Station Name River Location 
Observed Qav 

[22] 
Simulated Qav 
(2006-2010) 

Khertvisi Kura 
Khertvisi (Georgia, downstream of the border with Turkey):  
latitude: 41˚29'; longitude: 43˚17' 

33 35.50 

Tbilisi City Kura Tbilisi city (Georgia): latitude: 41˚44'; longitude: 44˚47' 204 148.43 

Kyragkesaman Kura 
Kyragkesaman (Azerbaijan, on the border with Georgia): latitude:  
41˚00'; longitude: 46˚10' 

270 284.01 

Agrichai Alazani 
Discharge characteristics at the Agrichai gauging station  
(Azerbaijan) latitude: 41˚16'; longitude: 46˚43' 

110 52.54 

Skhvilisi Potskhovi 
Discharge characteristics at the gauging station “Skhvilisi” in  
Georgia (10 km upstream of the river mouth):latitude: 41˚38';  
longitude: 42˚56' 

21.3 18.35 

Red Bridge Ktsia-Khrami 
Discharge characteristics at the transboundary gauging station  
“Red bridge”: latitude: 41˚20'; longitude: 45˚06' 

51.7 58.91 

Arenji Arpa 
Discharge characteristics of the Arpa River at the Areni gauging  
station (Armenia) upstream of the border with Azerbaijan 

23.2 11.99 

Vorotan Vorotan 
Discharge characteristics of the Vorotan River at the Vorotan  
gauging station (Armenia) upstream of the border with Azerbaijan 

21.8 16.44 

Kapan Voghji 
Discharge characteristics of the Voghji River at the Kapan  
gauging station (Armenia) upstream of the border with  
Azerbaijan 

11.6 3.11 

Sadaghlo Debet 
Discharge characteristics at the Sadaghlo gauging station at the  
Georgian-Armenian border 

29.2 28.48 

Airum Debet 
Discharge characteristics at the Airum gauging station (Armenia)  
upstream of the border with Georgia 

38.1 29.26 

Idshevan Agstev 
Discharge characteristics of the Agstev River at the Idshevan  
gauging station (Armenia) upstream of the border with  
Azerbaijan 

9.07 37.47 

Copyright © 2013 SciRes.                                                                                AJCC 



R. BAHADUR  ET  AL. 142 

Table 3. Comparison of observed [23] and simulated flows for the Mekong River Basin. 

River Station Country Range Observed Qav Simulated Qav 2006-2010 

Mekong Chiang Saen TH 1961-1993 2682.72 1436.01 

Mekong Luang Prabang LA 1960-1993 3892.07 2384.70 

Mekong Chiang Khan TH 1968-1992 4136.41 2817.63 

Mekong Nong Khai TH 1970-1993 4417.56 3249.48 

Mekong Nakhon Phanom TH 1962-1993 6826.04 4811.68 

Mekong Mukdahan TH 1925-1993 7939.28 5409.22 

Mekong Pakse LA 1960-1993 9633.12 8092.93 

Mekong Stung Treng KH 1960-1994 13151.65 10442.68 

Mekong Kratie KH 1960-1969 13479.44 10808.92 

 

 

Figure 5. Map of the Mekong River Basin. 
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Figure 6. ICWater functionality for riverine contaminant transport modeling. 
 
pheric deposition of contaminants is modeled as non- 
point source pollution. For non-point source pollution, 
CMORPH rainfall data are used to calculate runoff of 
contamination from the land surface to the receiving 
stream. The dispersion equation used in ICWater charac- 
terizes one-dimensional turbulent diffusion in constant 

density flow. The concentration is considered to be a  
function only of time and distance along the longitudinal 
axis. Reach velocities, estimated from real-time meas- 
urements reported from stream gauging stations, are ap- 
plied over the uniform cross sections along a reach (de- 
fined from confluence to confluence). Substance decay is 
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modeled as a first order exponential process. 
A case study for a toxic chemical spill in the Danube 

River basin is shown in Figure 7. On January 30th 2000, 
the dam containing toxic waste material from the Baia 
Mare Aurul gold mine in North Western Romania burst 
and released 100,000 cubic meters of waste water, 
heavily contaminated with cyanide, into the Lapus and 
some tributaries of the river Tisza, one of the biggest in 
Hungary [25-27]. The cyanide concentration at the acci- 
dent site was 7800 mg/l. ICWater was run with this 
source term and the results are shown in Figure 8. On  

February 4, the cyanide concentration at Szeged, Hun- 
gary was reported to be 1.1 mg/l. The model predicted 
the concentration to be 1.25 mg/l. After sixteen days, the 
concentration in the Danube River as measured at 0.06 
mg/l (the model prediction was 0.1 mg/l). 

5. Summary and Conclusions 

This approach for watersheds and rivers uses the Geo- 
Spatial Stream Flow Model to generate river networks, 
catchments, flows and velocities for input to the Incident  

 

 

Figure 7. Map of the Danube River Basin. 
 

 

Figure 8. ICWater simulation (downstream trace) of cyanide spill in the Danube River Basin.   
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Command Tool for Drinking Water Protection toxic spill 
model. The process followed is:  
 Prepare the input data for GeoSFM from a set of 

global databases (terrain, land use, soils, rainfall, and 
evapotranspiration). 

 Organize and integrate the input databases so that the 
specification of an area of interest triggers the extrac- 
tion of data to run the model.  

 Automate Hydrology Data Extraction based on Poly- 
gon of Interest. 

 Run GeoSFM 
 Calibrate and validate the flow/velocities with ob- 

served data from the Global Runoff Data Center da- 
tabase or any other set of available observations. 

 For the contaminant transport specify an area of in- 
terest; extract the river network, catchments, flows, 
velocities and assets and import to ICWater. 

 Run the ICWater model to predict downstream time 
of travel and concentration of toxic spills.  

There are requirements for quantified river flow to 
support the prediction and analyses of contaminant trans- 
port and dispersion worldwide. Procedures have been 
developed for use throughout the US which rely on the 
existing network of real-time gages. In many parts of the 
world there are few or no real-time river gages or the 
gage observations may not be accessible. A capability for 
determining global river flows has been developed by 
integrating HydroSHEDS with GeoSFM to calculate 
river discharge in regions with few or no stream gauges 
or other databases describing river networks and catch- 
ments. Atmospheric forcing is provided by satellite de- 
rived global forecasts of rainfall and evapotranspiration. 
A contaminant transport application has been validated 
against a chemical spill in the Danube River Basin.  

The architectural framework in ICWater relies on the 
Environmental Systems Research Institute, Inc.’s Geo- 
graphic Information System and various interface mod- 
ules have been created to enable the seamless and trans- 
parent communication of the software components with 
the common map background and with the databases. 
ICWater operates as an extension to ArcGIS or as a 
stand-alone code using the ArcGIS Engine runtime li- 
braries. 
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