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2 Development of a Physically Based Hydrologic Model of the 
Upper Cosumnes Basin  

 

2.1 Introduction 

The physically based watershed hydrologic model, WEHY (watershed environmental 
hydrology) model (Kavvas et al. 2003; Chen et al. 2003), for the Cosumnes Basin represents a 
new approach to the modeling of hydrologic processes in order to account for the effect of 
heterogeneity within natural watersheds. Toward this purpose, the point location-scale 
conservation equations for various hydrologic processes were upscaled in order to obtain their 
ensemble averaged forms at the scale of the computational grid areas. Over hillslopes these grid 
areas correspond to areas along a complete transect of a hillslope. The resulting upscaled 
conservation equations, although they are fundamentally one-dimensional, have the lateral 
source/sink terms that link them dynamically to other hydrologic component processes. In this 
manner, these upscaled equations possess the dynamic interaction feature of the standard point 
location-scale two dimensional hydrologic conservation equations. A significant computational 
economy is achieved by the capability of the upscaled equations to compute hydrologic flows 
over large transactional grid areas versus the necessity of computing hydrologic flows over small 
grid areas by point location-scale equations in order to account for the effect of environmental 
heterogeneity on flows. The emerging parameters in the upscaled hydrologic conservation 
equations are areal averages and areal variance/covariances of the original point-scale parameters, 
thereby quantifying the spatial variation of the original point-scale parameters over a 
computational grid area, and, thus, the effect of land heterogeneity on hydrologic flows. Also, by 
requiring only areal average and areal variance of parameter values over large grid areas, it is 
possible to achieve very significant economy in parameter estimation. 

A schematic description of WEHY model is shown in Figure 2.1. A structural description 
of WEHY model is shown in Figure 2.2. As may be seen from Figure 2.2, WEHY subdivides a 
watershed first into model computational units (MCU) that are delineated from the digital 
elevation map of the watershed by means of a geographic information system (GIS) analysis 
(please see the paper by Chen et al., 2003 for an application). These MCUs are either individual 
hillslopes or first-order-watersheds. Their identification and delineation are described in detail by 
Chen et. al.(2003). WEHY computes the surface and subsurface hillslope hydrologic processes 
that take place at these MCUs, in parallel and simultaneously. These computations yield the flow 
discharges to the stream network and the underlying unconfined groundwater aquifer of the 
watershed that are in dynamic interaction both with the surface and subsurface hillslope processes 
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at MCUs as well as with each other (as may be seen from Figure 2.1). These discharged flows are 
then routed by means of the stream network and the unconfined groundwater aquifer. 
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Figure 2.1 A schematic description of WEHY model. 
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Figure 2.2 A structural description of the WEHY model. 
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Figure 2.3 The description of land surface processes within WEHY model. 
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Figure 2.4 WEHY model’s depiction of hillslope surface and subsurface 
 
 At a model computational unit WEHY model may be conceptualized as shown in Figures 
2.3 and 2.4. In Figure 2.3 the land surface process components of WEHY model are shown. In its 
land surface process component, WEHY models interception, bare soil evaporation, direct 
evaporation from ponded water over the plant leaves, and plant transpiration through root water 
uptake in  

In Figure 2.4 the surface and subsurface flow components of WEHY model at a hillslope 
are shown. It may be noted from Figure 2.4 that WEHY model can handle both the Hortonian as 
well as variable source area flow mechanisms. In Figure 2.4 it is seen that although subsurface 
soil root zone may not be saturated to the soil surface, Hortonian overland flow may still occur 
due to ponding of infiltration-excess rainfall/snowmelt water over the land surface. Such 
Hortonian overland flow which would occur predominantly at bare land surfaces in arid lands, or 
at disturbed land surfaces over humid landscapes, can then supply water for flow in rills/gullies 
that neighbor interrill overland flow areas. Meanwhile, in humid, vegetated landscapes 
rainwater/snowmelt that infiltrates into the soil, moves mainly in the vertical direction within the 
root zone as unsaturated flow until it encounters a hardened soil layer beneath the plant roots. At 
this layer the soil hydraulic conductivity decreases drastically to impede vertical soil water flow. 
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Thus, over this soil impeding layer the soil water starts to pond and saturate soil pores. Once this 
water reaches sufficient head and hydraulic gradient, it moves downhill as saturated subsurface 
flow within the soil in a direction approximately parallel to the soil impeding layer. Since the soil 
impeding layer is oriented approximately in the same direction as the land surface topography, 
the saturated flow that takes place within the soil above this impeding layer can be about 1000 
times as fast as the unsaturated soil water flow. Therefore, this saturated soil water flow is known 
as the “subsurface stormflow” (Dunne, 1978). As described in great detail by Dunne (1978), the 
subsurface stormflow is a fundamental hydrologic process that a) supplies water for rill/gully 
flow in humid, vegetated landscapes, and b) determines the dynamic location of saturation 
overland flow in variable source areas. As seen from Section A-A in Figure 2.4, once the 
subsurface stormflow water table reaches an elevation that is above the bed elevation of a rill, 
then under the hydraulic gradient the subsurface stormflow will start discharging into the rill, thus 
feeding the necessary water for rill flow. Hence, this mechanism renders the case while vegetated 
land surface may have no overland flow occurring, the rills/gullies over a hillslope may still be 
flowing in full force during wet periods. As subsurface stormflow continues its travel downslope 
within a hillslope, it continues to be replenished by vertical unsaturated flow. Then a hillslope 
location is reached where the capacity of the soil horizon to transmit the subsurface stormflow is 
exceeded by the stormflow discharge. At this location the part of subsurface stormflow discharge 
which is in excess of the tranmission capacity of the soil horizon, emerges over the land surface 
as “return flow” and forms the “saturation overland flow”. This overland flow is about 1000 times 
faster than subsurface stormflow (Dunne, 1978), and is the main contributor to flood peak 
discharge at humid, vegetated landscapes. As seen from Figure 2.4, from this location where the 
saturation overland flow starts, onwards the soil is saturated. Hence, the rainwater/snowmelt that 
fall on this saturated surface, pond over this surface as “direct precipitation” and amplify 
saturation overland flow by joining the return flow. The dynamic extent of this source area, the 
so-called “variable source area”, is dictated by the location where the subsurface stormflow 
returns to land surface. WEHY, by modeling explicitly the subsurface stormflow dynamics in 
terms of upscaled equations, is able to quantify i) the subsurface stormflow-rill flow interaction, 
and ii) the variable source area flow mechanism. 
 As seen from Figure 2.4, since the soil impeding layer is not impermeable, water seeps 
through this layer and continues its journey as unsaturated flow in the vertical direction through 
the unsaturated zone beneath the soil impeding layer toward an underlying groundwater aquifer. 
This way a deep unconfined groundwater aquifer may be replenished. Also, since this aquifer 
borders a stream channel to which a hillslope drains (as seen in Figure 2.5), it provides baseflow 
discharge to the stream. Since it takes place under very mild hydraulic gradients, the unconfined 
groundwater flow is very slow, about 1000 times slower than the subsurface stormflow (Dunne, 
1978). In this framework, WEHY model conceptualizes water contribution from a hillslope into a 
neighboring stream channel in terms of a) overland flow (rill flow/sheet flow), b) seepage from  

 2-5



Chapter 2  Physics Based Hydrologic Model of Upper Cosumnes Basin 

 

 

C

 
 
 

 
 
 

Figure 2.5 A schematic description of the hillslope discharges into a neighboring channel (A: 

Overland Flow (Rill Flow/Sheet Flow), B: Flow from Seepage Face (Subsurface 

Stormflow), C: Baseflow from Groundwater,D: Channel Flow). 

subsurface stormflow, and c) groundwater baseflow. Once water is discharged from model 
computational units (first-order watersheds or individiual hillslopes) to the stream network of a 
watershed, then it is routed by WEHY model toward the watershed outlet. 

2.2 Model Development for Camp Creek 

The Cosumnes River model using WEHY technology started with the development of the 
Camp Creek tributary.  One of the first steps in the model development is the identification of the 
stream network from the DEM.  Figure 2.6 shows the derived stream network from the DEM. 

For a given hillslope, there are a number of parameters that are determined from data 
such as the DEM, soils data, and land use land cover data.  An example of the land surface 
characteristics, developed from the DEM for a given hillslope, is shown in Figure 2.7.  Data for 
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soils and land use/land cover are shown in Figure 2.8.  These data are used to determine 
parameter maps shown in Figures 2.9-2.15.  Figure 2.9 shows the soil depth while Figure 2.10 
shows the porosity and Figure 2.11 shows the residual water content which were derived from the 
soils data.  Figure 2.12 depicts the normalized bubbling pressure while Figure 2.13 portrays the 
pore size index.  These parameters are important for the infiltration of water into the ground and 
the movement of the water as subsurface stormflow.  Figures 2.14 and 2.15 show the median 
hydraulic conductivity and the standard deviation of the log hydraulic conductivity respectively.  
These parameters are used to capture the effects of the heterogeneity within a given model 
computational unit and throughout the watershed.  They are parameters that result from the 
derivation of the spatially averaged conservation equations that are used in the model.   
 
 

 

Figure 2.6 Topography and stream network for Camp Creek section of Cosumnes model. 
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Figure 2.7 Sample of land surface characteristics estimated from DEM 

 2-8



Chapter 2  Physics Based Hydrologic Model of Upper Cosumnes Basin 

 

 

Figure 2.8 Land use land cover and soil data for Camp Creek. 
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Figure 2.9  Soil depth for Camp Creek subbasin of Cosumnes model. 

 
Figure 2.10 Soil porosity for Camp Creek part subbasin of the Cosumnes model. 
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Figure 2.11  Soil residual water content map for Camp Creek. 

 
Figure 2.12 Normalized bubbling pressure parameter map for Camp Creek. 
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Figure 2.13 Pore size index parameter map for Camp Creek. 

 
Figure 2.14 Median soil hydraulic conductivity for Camp Creek. 
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Figure 2.15 Standard deviation of log hydraulic conductivity for Camp Creek. 

Because flow data exists near the outlet of Camp Creek, initial tests of the physically 
based watershed model were done with the Camp Creek segment of the model.  A sample of the 
rainfall and associated runoff (both observed and modeled) from one of these simulations is 
shown In Figure 2.16.  As can be seen from Figure 2.16, the model performs well.   

2.3 Model Development for Upper Cosumnes Basin 

Given the solid performance of the Camp Creek arm of the physically based watershed 
model, work continued to extend the model over the whole of the upper Cosumnes Basin.   The 
channel network for the physically based model of the Cosumnes River above Michigan Bar is 
shown in Figure 2.17.  Figure 2.18 shows the model computational units (MCUs) used for the 
upper basin.  As can be seen from Figure 2.18, there are over 100 MCUs used in the model.  
Parameter maps for the basin are shown in Figure 2.19.   
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Figure 2.16 Simulation results for Camp Creek segment of physically based model of the Upper 

Cosumnes River.  Red is observed flow, blue is simulated flow, and the green lines 

at the top depict the rainfall. 

 
Figure 2.17 Channel network and elevations for upper Cosumnes River model. 

 
Figure 2.18Model computational units used in upper Cosumnes River model.  Colored MCUs 

show location of areas where simulation results are shown. 
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Figure 2.19 Parameter maps for upper Cosumnes River for use in physics based model. 
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There are some features of the upper Cosumnes that demanded the further development 
of the model, however.  These features include the development of a snow accumulation and melt 
routine which require information on the spatial distribution of radiation absorption across the 
basin.  These developments have been accomplished and are now incorporated into the physically 
based watershed model.  As a test of the routines, the snow water equivalent, computed by the 
model, was compared to observed data taken in an adjacent basin.  A map, detailing the location 
of the model results and the observation point used for comparison, is shown in Figure 2.20 while 
the results of the six month snowmelt simulation from October 1, 1999 through March 31, 2000 
are shown in Figure 2.21. 

 

 
Figure 2.20 Location of simulation results and nearest snow observation site. 
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Figure 2.21 Simulated versus observed snow water equivalent (SWE) comparison. 

The next figures show a demonstration of information the model can provide from 
simulations.  Figure 2.22 shows four runoff hydrographs from four MCUs in the upper basin.  
The green lines at the top of the figures represent the rainfall that generated the runoff.  Because 
of the limited amount of observed data in the Cosumnes basin, comparisons to observed data are 
not possible for these sites.    
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Figure 2.22 Runoff hydrographs from 4 different MCUs in Upper Cosumnes model. 

 

Figures 2.23 and 2.24 present another means of showing runoff from the upper Cosumnes 
River basin.  Figure 2.23 shows the rainfall for a one-week period in February 2000.  Figure 2.24 
illustrates the spatial distribution of runoff generation over six of the days of rainfall in the basin.  
Colors in the oranges and reds depict higher runoff while blues and greens depict little to no 
runoff.  The evolution of runoff from different parts of the basin over the seven-day period can 
clearly be seen in Figure 2.24.  Again, no field data is available to compare against simulation 
results.  Also, no distributed rainfall data in the basin is available to use as input to the model.  
For this test of the model, the rainfall shown in Figure 2.23 was applied uniformly over the basin.  
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Figure 2.23 Rainfall intensity over a seven-day period in February 2000. 
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Figure 2.24 Runoff contribution by MCU for Days 1 – 3 of rainfall simulation. 
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Figure 2.24 Runoff contribution by MCU for Days 4 – 6 of rainfall simulation. 
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2.4 Conclusions 

Modeling of the upper Cosumnes River Basin has been carried out in two parts.  In the 
first part, the USGS PRMS model was used to provide simulated streamflow data to the water 
quality sampling group for the time period October 2000 to February 2002.  Simulation studies 
with the USGS model have shown that there are some difficulties in using this model due to its 
large number of parameters and the need to calibrate the model using observed data.  As an 
alternative, a physically based watershed model of the Upper Cosumnes Basin has been 
developed using spatially averaged conservation equations.  With this model parameter 
estimation is done from existing DEM, soil, and vegetation/land use land cover data.  Because of 
the presence of snow accumulation in the upper part of the Cosumnes River basin, a snow 
accumulation and melt routine had to be developed and incorporated into the model.  With the 
physically based watershed model, simulations showing local runoff from individual model 
computational units are possible, as well as depictions of runoff contributions from the different 
MCUs over the entire Upper Basin.    

Several challenges have prevented the full testing of the physically based watershed 
model for the Upper Cosumnes River.  The primary challenge is lack of rainfall data within the 
upper Cosumnes Basin.  In order to obtain a true verification of the physics based model’s 
performance, multiple sites in the upper basin must be used to collect atmospheric, rainfall, and 
snowfall data.  An alternative to the data collection within the basin would be to use atmospheric 
models to reconstruct the necessary data at spatial and temporal scales useful to the model.  Given 
this information, verification of the model can be performed and scenario simulations can be 
carried out.  Future work and opportunities are outlined in Chapter 4 of the report.   
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