











+ “Hydrologic recovery of the peak flow regime in two snow dominated meso-scale watersheds in
the Southern Interior of British Columbia: An investigation using a conceptual hydrologic model”
(Luo and Alila 2006). UBCWM was used at two interior snow-dominated watersheds, Bellvue
Creek (73 km?) and Whiteman Creek (112 km?) in the Okanagan Basin, to quantify the effects of
total clearcut of an entire watershed and investigate the nature of the relationship between these
effects and hydrologic recovery over time. The long-term simulation of each watershed was based
on available meteorological data (Bellvue Creek, 33 years; Whiteman Creek, 76 years).

+ “Application of GIS in the determination of probable maximum flood” (Micovic 2006). The UBC
Watershed Model (UBCWM) was used to derive the PMF estimates for several BC Hydro dams in
southwestern BC. The Strathcona Dam watershed (1193 km?) and the Ladore Dam watershed (245
km?) within the Campbell River System were used for this simulation

+ “Hydrologic response to scenarios of climate change in sub watersheds of the Okanagan basin,
British Columbia” (Merritt et al. 2006). A model of the 8000-km? Okanagan Basin in the Southern
Interior region of BC was constructed to explore scenarios of climate change on the volume and
timing of runoff from tributaries, and the availability of water resources for the various stakehold-
ers in the watershed.

+ “Delineating the limits on peak flow and water yield responses to clearcut salvage logging in large
watersheds” (Alila and Luo 2007). In this study, the UBC Watershed Model was used to predict the
effects of forest harvesting on streamflow characteristics. Because of the lumped nature and the av-
eraging of processes over time and space associated with such a conceptual model, the investigation
in this study was restricted to simulating the effects of clearcut logging over the entire watershed,
excluding the effects of forest roads, spatially distributed logging, and tree regrowth.

Based on the above literature, the UBC Watershed Model is useful for forest management applica-
tions, including examining hydrologic recovery in harvested stands and developing a link between
equivalent clearcut area (ECA) and peak flows. In addition, the model has proven to be successful at
modelling snow accumulation and melt (Hudson 2000).

Environment Canada has used climate change scenario information in conjunction with the UBC
Watershed Model to produced preliminary projections of the potential changes in snowpack and runoff
in the Capilano Watershed (Hutchinson et al. 1999).

In the 1970s, the model was also tested and adopted by the Prairie Provinces Water Board for moun-
tain snowmelt forecasting in the Saskatchewan River system headwaters (Quick and Pipes 1977).

A1.20 VIC

The Variable Infiltration Capacity (VIC?) macroscale hydrologic model solves full water and energy bal-
ance equations (Liang et al. 1994). VIC is a research model and, in its various forms, has been applied to
many watersheds including the Fraser River, Columbia River, the Ohio River, the Arkansas-Red Rivers,
and the Upper Mississippi Rivers. The application of the VIC model to climate change studies in cold
mountainous terrain has been reviewed by Werner and Bennett (2009).

A1.20.1 Model Description

The VIC model represents surface and subsurface hydrologic processes on a spatially distributed (grid
cell) basis. In typical applications, grid cells have ranged in resolution from 1/8" to 2 degrees per side,
although model applications are underway at a higher resolution of 1/16™ degree (see below). With
this 1/16™-degree grid size (e.g., about 7 km in the longitudinal direction by 3.5-km north—south in

* http://www.hydro.washington.edu/Lettenmaier/Models/VIC/
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southern BC), VIC can only be applied to watersheds on the order of 500 km? (based on a minimum of
15 grid cells) or larger. The minimum planning scale in BC (single grid cell) is about 30 km?. Sub-grid
scale variation in vegetation and soil characteristics can be approximated by partitioning grid cell areas
to different vegetation and soil classes using a statistical representation. The model includes three soil
layers and a single vegetation layer and operates at a sub-daily time step (Tables 4, 6, and 8). Topographic
variability is represented in the VIC model through the use of elevation bands; up to five elevation bands
can be applied in VIC to represent the changes in elevation across the grid cell and to determine sub-grid
scale variations in precipitation.

VIC is a physically based model with respect to simulating SVAT processes (Table 6) that include
evaporation from the soil layers, evapotranspiration from vegetation, canopy interception evaporation,
and snowmelt.

Infiltration and runoff mechanisms in the VIC model are empirical (Table 4) due to the macroscale
nature of the model. Infiltration is simulated using the variable infiltration capacity curve while surface
runoff, interflow, and baseflow (ARNO method) are incorporated for simulating total runoff from the
grid cell (Liang et al. 1994). Quickflow occurs when precipitation exceeds the variable infiltration capac-
ity and then runs off. VIC does not account for interflow. The model runs one grid cell at a time over a
desired time period to produce time series of runoff, baseflow, evaporation, and other physical variables
for each grid cell. Quickflow and baseflow are routed to produce streamflow at points of interest in the
watershed. There is no horizontal transfer of water from grid cell to grid cell and therefore a routing
model must be used as a post-processing tool to calculate streamflow as a composite of both surface
runoff and baseflow. The model has no specific provision for including road hydrology (Table 6).

Recent work has focused on improving the VIC model for use in northern regions, including
representing frozen soils; spatial variability in snow and frost, lakes and wetlands; and blowing snow
(Cherkauer and Lettenmaier 1999; Cherkauer et al. 2003; Bowling et al. 2004). A regional (deep)
groundwater component for VIC is apparently under development (Werner and Bennett 2009). A glacial
representation is lacking at present (Tables 4 and 7), however parameterization of glacier melt contribu-
tions to streamflow may be added to the VIC model.

Required meteorological inputs include temperature and precipitation at a minimum while solar
radiation is needed for energy balance calculations (e.g., snowmelt) and can be estimated within the
model. Overall, the model is of high complexity (Table 5), requires substantial data collection, pre-pro-
cessing, and GIS analysis. VIC is freeware. No technical support is available, unless specific arrangements
have been made.

VIC is a macroscale model and is therefore not useful for typical site-specific of small watershed for-
est management applications; however it does have potential for regional-scale planning and associated
policy development. However, its inclusion in this synthesis is warranted as a possible tool for assessing
effects of climate change and large-scale disturbances (e.g., mountain pine beetle infestation and salvage
harvesting).

A1.20.2 Model Applications

This section is based on the review of VIC applications for climate change applications in cold
mountainous watersheds by Werner and Bennett (2009). VIC has been run at various scales, ranging
from 2 to 1/8"™ degrees in the Columbia and Colorado River Basins (Hamlet and Lettenmaier 1999, 2000;
Mattheussen et al. 2000; Nijssen et al. 1997, 2001; Christensen et al. 2004). For the Columbia River Basin,
Nijssen et al. (1997) compared data and simulation results for nine streamflow gauges over two separate
12-year periods. Mean annual runoff was generally well predicted, while seasonal flow volumes were
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more variable. This discrepancy was partially caused by the resolution of the grid cells (1 degree), which
did not accurately account for the variability in elevation.

For a study focused on the entire western US, an analysis of snow processes and VIC results showed
broad general agreement between observed trends in snow water equivalent (SWE) for three different
times: (1) SWE measured on April 1, (2) actual measured spatial patterns of snow accumulation and
melt for the period from 1950-1997, and (3) model simulations over the same period (Hamlet and
Lettenmaier 2005). There were differences in at-site measurements and simulations of SWE, primarily
due to differences in measurements versus model scales and spatial variability of precipitation relative to
grid-based precipitation estimates. When the VIC snow model is run with detailed site data, the model
closely represents daily snow accumulation measurements.

In general, VIC is suitable for simulating watershed hydrology for large river basins in the PNW. How-
ever, there are a number of barriers to successful implementation, including the particular challenge of
accurately representing spatial distribution of meteorological variables in complex terrain. This chal-
lenge is common to all model applications in mountainous settings, and not VIC specific (i.e., similar
issues are noted for WATFLOOD; Section A1.23.2).

Currently, the VIC model is being applied in an MPB context for the Fraser River, and in a climate
change context in the Columbia River, the Peace River, and the Campbell River by the Pacific Climate
Impacts Consortium with the support of the University of Washington and the MOE River Forecast
Centre.

A1.21 WaSiM-ETH

The Wasserhaushalts-Simulations-Modell (WaSiM-ETH?) is a fully distributed, physically based model
for estimating climate change impacts for subalpine and alpine regions. Compared to PREVAH, WaSiM-
ETH is a physically based runoff model and has more flexibility in separating surface runoff from
interflow, allowing, in general, a better reproduction of flood events (Gurtz et al. 1999). The application
of WaSiM-ETH to climate change studies in cold mountainous terrain has been reviewed by Werner and
Bennett (2009).

A1.21.1 Model Description

The spatial and temporal discretization of the model can accomodate grid cell sizes of virtually any
dimensions (from centimetres to several kilometres), and time steps between 1 minute to several days
(Werner and Bennett 2009). The model includes a layered soil model and layered vegetation (Tables 4, 6,
and 8).

The original model version incorporated a set of interpolators for meteorological data; a set of evap-
oration algorithms (with the most rigorous one being physically based, Table 4); several methods for
simulating snow accumulation and melt (including the empirical degree-day method and a modified
(analytical) energy balance method); an interception module; and topography-driven correction of
radiation, temperature, and precipitation (Schulla and Jasper 2000). Overall, the model ranks as an ana-
lytical model for simulating SVAT processes (Table 6).

In the original model, runoff generation was based on the TOPMODEL approach (Beven and Kirkby
1979). Improvements in recent model versions include the following:

+ Layered soil model based on the Richards’ equation (i.e., a physically based approach; Table 4)
Multi-layer groundwater model
Layered vegetation

3 www.wasim.ch/en/index.html
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+ Irrigation module

Dynamic plant phenology

Glacier model (accumulation of snow; melt of snow, ice, and firn)
+ Interface for on-line-coupling with other models (climate models, groundwater models. etc.)
+ Lake model (including interaction with groundwater)

Surface discharge routing

The river (channel) routing accounts for reservoirs and lakes as well as branches and artificial abstrac-
tions using time-dependent dynamic abstraction rules (Tables 4 and 7) (Werner and Bennett 2009).

WaSIM-ETH requires significant meteorological-driving data (air temperature, precipitation, wind
speed, global radiation, vapour pressure or relative air humidity, and relative sunshine duration) to
run in a fully physically based configuration. WaSiM-ETH can also be coupled to regional climate
models. Overall, this model ranks as being of high complexity (Table 5). Graphical- and command
line-driven tools are available for pre- and post-processing of driving data and outputts. According to
the WaSIM-ETH website, as of 2009, there are an estimated 50 institutions currently applying the model
(universities, governmental agencies, and consulting engineers). WaSiM-ETH is freeware.

The main drawbacks of the model would appear to be its relative complexity and associated high
meteorological input requirements, and that model experience, to date, only resides in Europe. However,
the developer (Dr. J. Schulla) will start work for the Pacific Climate Impacts Consortium in July 2009,
bringing expertise with the WaSim-ETH model to Western Canada.

A1.21.2 Model Applications
The following WaSiM-ETH published model applications were reviewed:

+ “The hydrological role of snow and glaciers in alpine river basins and their distributed model-
ling” (Verbunt et al. 2003). The WaSiM-ETH model was applied to three Swiss high-alpine river
watersheds with different portions of glacierized areas. Continuous discharge simulations were
performed at a spatial resolution of 100 m and at a temporal resolution of 1 hour for the period
from 1981-2000 and compared with hourly discharge observations measured at the watershed
outlets (Verbunt et al. 2003).

“Differential impacts of climate change on the hydrology of two alpine river basins” (Jasper et al.
2004). For the Thur watershed (1700 km?) and the Ticino watershed (1515 km?), possible future
changes in the natural water budget relative to the 1981-2000 (Thur) and 1991-2000 (Ticino)
baselines were investigated by forcing WaSiM-ETH with a set of climate scenarios for monthly
mean temperature and precipitation.

+ “Distributed hydrological modelling of a heavily glaciated alpine river basin” (Klok et al. 2001). In
this study, a glacier model component was successfully integrated into WaSiM-ETH and PREVAH
to simulate the discharge of a heavily glaciated watershed. The model was tested on a high-alpine
sub-watershed of the Rhone River (central Switzerland) of which 48% is glaciated. Continuous dis-
charge simulations were performed for the period 1990-1996 and compared with hourly discharge
observations (Klok et al. 2001).

+ “Hydrologic simulations in the Rhine basin driven by a regional climate model.” (Kleinn et al.
2005). This article describes a model chain for studying streamflow responses to climate variations
and anthropogenic climate change. The model chain was developed for the Rhine River upstream
of Cologne, a 145,000-km? river system in Central Europe, north of the Alps. It encompassed a
regional climate model (RCM) at grid spacings of 56 and 14 km, and the distributed WaSiM-ETH
model with a grid spacing of 1 km. The model chain was found to reproduce observed month-
to-month variations of winter precipitation and streamflow. This result provides confidence that

97



the model chain is able to represent key processes related to streamflow variations in response to
climate variations and climate change.

WaSiM-ETH, including the glacier model component, accurately simulated the seasonal variations in
discharge, the diurnal discharge fluctuations, and the time at which the melt period starts and termin-
ates in the Klok et al. (2001) study. A drawback of the model is that, in autumn, the discharge volumes
and the runoff peaks are often overestimated. The overestimation could be due to the passageways in the
glacier that are narrowing or to the method that is used to calculate the melt rate.

The model has also been applied for modelling the impacts of land use and drainage density on the
water balance of a lowland—floodplain landscape in northeast Germany (Krause et al. 2007) and for
investigating the effects of land use change on hydropower (Verbunt et al. 2005).

Overall these studies suggest that WaSiM-ETH can be successfully applied in small to large watersheds
and in both complex mountainous settings (including watersheds with glacial melt contributions) as
well as in more gradual terrain (Table 7). However, forest hydrology specific aspects of the model (e.g.,
canopy interaction with precipitation) have not been tested.

A1.22 Water Balance Model by QUALHYMO

“The Water Balance Model (powered by QUALHYMO) is a public domain, on-line decision support
and scenario modeling tool for promoting rainwater management and stream health protection through
implementation of “green” development practices”. The model is continually being modified to meet
the needs of users. As such, it has become a widely used and accepted tool for innovative stormwater
management.

The original version of the Water Balance Model allowed users to evaluate the effectiveness of site
planning that incorporates source controls on stormwater management (such as absorbent landscap-
ing, infiltration facilities, green roofs, and rainwater harvesting) and achieving development targets for
rainwater capture and runoff control under different land uses, soil, and climate conditions.

The Water Balance Model powered by QUALHYMO allows users to simulate four situations (site
surface alteration, site controls on baseflow discharge, detention pond storage, and stream erosion) that
integrate the site with the watershed and the stream. These situations improve the definition and ap-
plication of source controls for rainwater runoff volume and rate reduction to match pre-development
baseline values and post-development conditions.

As a valuable stormwater management tool, the Water Balance Model, powered by QUALHYMO, is
widely used across Canada (links provided under the BC website referenced above will direct the in-
terested reader to other provinces). However, the model has no apparent use in a forest management
context. As such, the model is not presented in Tables 4 to 8.

A1.23 WATFLOOD, CLASS, and MESH

The distributed hydrologic model, WATFLOOD32, developed at the University of Waterloo, has been
applied to a study floods, climate change impacts, and environmental impact studies (Kouwen 2008).
The application of WATFLOOD to climate change studies in cold mountainous terrain has been
reviewed by Werner and Bennett (2009).

31 http://bc.waterbalance.ca/
2 www.watflood.ca/
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A1.23.1 Model Description

WATFLOOD uses Grouped Response Units (GRUs), in which process parameters are tied to land cover,
and land cover mixes can vary from watershed element to watershed element (Werner and Bennett
2009). The GRU approach helps to maintain computational efficiency. WATFLOOD is insensitive to

grid size providing there are sufficient grids to adequately represent the drainage system and the vari-
ability in the meteorological data (Kouwen 2008). It has been used with grid sizes from 1 to 45 km? and
for watershed areas from 15 to 1 700 000 km? (Kouwen 2008). WATFLOOD includes a four-zone model
representing the land surface, the upper subsurface zone (saturated and varying depth), the unsaturated
zone, and a saturated lower zone. By chaining up to 100 annual events at an hourly time step, continuous
simulation can be approximated (Tables 4, 6, and 8).

Evapotranspiration is calculated using empirical methods while snowmelt can be calculated using
either a temperature-index approach (Table 4) or a hybrid (analytical) radiation-temperature approach,
although this latter option does not appear be available to model users (Kouwen 2008). Overall WAT-
FLOOD ranks as a mixed model for simulating SVAT processes (Table 6). WATFLOOD also includes a
crude glacier melt model (Tables 4 and 7).

Infiltration is calculated using a Green-Ampt infiltration model (analytical), while stormflow is gener-
ated using a Hortonian runoft model. River network routing options include storage routing, a coupled
lower zone-wetland-stream routing model, a coupled lower zone-prairie coulee-stream routing model,
lake routing, and reservoir operating rules (diversions) (Kouwen 2008). The groundwater component of
the model is only conceptual (Tables 4 and 7).

At a minimum, the model requires temperature and precipitation as meteorological inputs. Overall,
WATFLOOD ranks as being of relatively high complexity (Table 5). WATFLOOD has a GUI pro-
grammed in MS Visual Basic for Windows and can be linked to the Green Kenue GUI that is also used
for HBV-EC (Section A1.6). WATFLOOD emphasizes making optimal use of spatially referenced (GIS)
information such as remotely sensed data, radar-rainfall data, LANDSAT, or SPOT land use and/or land
cover data.

Known limitations of WATFLOOD include its simplified snowmelt calculations. More rigorous
routines have not been incorporated as “this would significantly complicate the model and require con-
siderably more detailed information about the spatial variations of terrain, aspect, vegetation cover, and
meteorologic conditions” (Kouwen 2008; pages 2—26). As such, the model is best applied in gradual ter-
rain (small to large watersheds) under either rain or snow conditions (Table 7) but not in mixed settings
as the temperature-index approach does not handle rain-on-snow events.

Some of the above-mentioned limitations of WATFLOOD can be overcome with the WATCLASS
model, which combines the strength of WATFLOOD in lateral water routing with those of the Can-
adian Land Surface Scheme (CLASS) in simulating vertical water and energy fluxes (Soulis et al. 2000).
CLASS is a model of similar philosophy and application scale as VIC (Section A1.20), and originally
developed for use with the Canadian Global Climate Model (GCM) to provide feedback on parameters
such as surface albedo and radiative and turbulent energy fluxes (Verseghy 1991; Verseghy et al. 1993).
In WATCLASS, the vertical water flux calculations of WATFLOOD are replaced by the more physically
based methods of CLASS, while the lateral routing routines of WATFLOOD are retained (Soulis et al.
2000). In 2008, a new model known as “Standalone MESH” was developed from WATCLASS, together
with a GUI called ParaMESH*. MESH output can also be analyzed with the Green Kenue GUI.

* http://halfront.wxe.sk.ec.gc.ca/html/documents/store/1_0_sa_MESH.html
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Both WATCLASS and MESH are being developed and maintained by Environment Canada. Use of
WATCLASS has not been widespread, but this may change with development of MESH and ParaMESH.
The WATFLOOD model was reviewed in this synthesis.

A1.23.2 Model Applications

This section is largely based on the review of WATFLOOD applications for climate change applications
in cold mountainous watersheds by Werner and Bennett (2009). WATFLOOD was used for a ground-
water separation study in Boreal wetland terrain to compare model-derived estimates of groundwater
contributions to streamflow to data for five watersheds along the lower Liard River near Fort Simpson,
Northwest Territories. The study area (approx 5000 km?) was characterized by meandering streams,
extensive peat lands (bogs and fens), and discontinuous permafrost and was composed of roughly 25%
deciduous, 20% coniferous, 35% transitional, and 20% wetland. The model was run on an hourly time
step for the spring and summer periods of 1997-1999. Overall, the groundwater proportioning in WAT-
FLOOD was reasonably representative of groundwater volumes determined from isotope separation
(Stadnyk et al. 2004).

WATFLOOD has also been applied in two mountainous, snowmelt-dominated watersheds in BC: the
Columbia and Peace rivers. For the Columbia River study, WATFLOOD was applied at a 1-km grid cell
size (Bingeman et al. 2006). Model outputs agreed reasonably well with the long-term data record (91
years) for the Columbia River at Nicholson. Errors during the summer period appeared to occur when
rainfall events supplemented peak streamflow caused by melting snow and ice. Flood frequency curves
for Mica Dam were similar for measured and modelled flows, except for an over-estimation of the high-
est flows. Model estimates of snow volume were made for 15 snow course locations in the Columbia
River basin in BC, and differences between measured and modelled values ranged from -27% to 240%.
The model tended to underestimate high snow water equivalent (SWE) and overestimated the low SWE,
while mean SWE was modelled accurately. The differences were attributed to: land classification errors,
elevation differences, temperature, and precipitation modelling errors and other microclimate effects
inherent to the specific location of the snow survey station. These issues are similar to those noted for
VIC (Section A1.20.2) and illustrate the difficulties that must be overcome in large-scale model applica-
tions (Werner and Bennett 2009).

For the Peace River watershed, simulations using a 45 x 45-km grid were run for 24 years and com-
pared to 14 streamflow observation stations (Toth et al. 2006). Errors in the simulations were greatest
near the mountainous headwaters. Errors decreased for higher-order streams, as the quality of climatic
input data increased. Errors during the snowmelt period highlight the difficulties of mesoscale model-
ling of snow interception/sublimation, translocations of blowing snow between watersheds, the effect
of slope aspect on melt timing, and issues with parameterizing models for snowmelt infiltration into
seasonally frozen soils. WATFLOOD does not specifically address any of these factors, which may be
important in large cold-regions watersheds (Werner and Bennett 2009).

A1.24 WEPP

The USDA’s Water Erosion Prediction Project (WEPP?*) model simulates erosion based on stochastic
weather generation, infiltration theory, hydrology, soil physics, plant science, hydraulics, and erosion
mechanics (Flanagan and Livingston 1995). WEPP was developed by the USDA National Soil Erosion
Research Lab (NSERL).

* www.ars.usda.gov/Research/docs.htm?docid=10621
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A1.24.1 Model Description

WEPP is a semi-distribted model that simulates the conditions that impact soil erosion for hillslopes or
small watersheds (which are subdivided into hillslopes). The model includes multiple soil horizons, a
single canopy layer, and a daily time step for predicting evapotranspiration and percolation (Tables 4, 6,
and 8).

The water balance component of WEPP is based on algorithms developed for the SWRRB (Simulator
for Water Resources in Rural Basins) model, with modifications to improve simulating rainfall intercep-
tion, soil drainage, and soil evaporation (Flanagan and Livingston 1995). Evapotranspiration equations
in the model rank as analytical (Table 4). Snowmelt calculations are empirical but utilize temperature,
radiation, vapour transfer, and precipitation through various coefficients. Overall, WEPP ranks as a
mixed model for simulating SVAT processes (Table 6).

Infiltration, drainage and subsurface runoff are simulated in an empirical fashion (Table 4), using
storage routing techniques to predict flow through each soil layer in the root zone, based on water inputs
(rainfall, snowmelt), soil moisture storage and evapotranspiration (Flanagan and Livingston 1995).
Initial conditions for infiltration (Green-Ampt model) are defined by soil moisture content in the upper
layer. Drainage below the root zone is considered lost to a lower layer and is removed laterally.

Precipitation is routed to Hortonian overland flow when rainfall intensity exceeds soil infiltration
capacity. Surface runoff is characterized by depression storage, which is directly related to soil surface
micro-topography. Hillslope runoff occurs once storage is satisfied and is simulated using kinematic
wave equations. At the watershed scale, the model supports linking hillslope profiles to channels and im-
poundments (e.g., farm ponds, terraces, culverts, filter fences, and check dams). The WEPP model does
not explicitly include hydrodynamic channel-network flood-flow routing (Conroy et al. 2006). WEPP
calculates the peak runoff rate at the channel (sub-watershed) or watershed outlet using either a modi-
fied version of the Rational equation (similar to that used in the EPIC model) or the method used in the
Chemicals, Runoff, and Erosion from Agricultural Management Systems (CREAMS) model (Flanagan
and Livingston1995).

The WEPP model contains sediment erosion and yield-prediction capabilities for hillslopes and roads
and a crop-growth model (Tables 6 and 8). The model calculates the average sediment yield for each
hillslope, and simulates channel soil detachment, sediment transport and deposition, and may include
impoundments to remove sediment from the channel flow (Flanagan and Livingston 1995). The US
Forest Service has developed several interfaces to WEPP for road erosion and fuel management predic-
tions35. The X-DRAIN tool has been developed based on long-term WEPP simulations for a range of
US climates, soil textures, topographic conditions, and road network parameters, such as spacing of
cross-drains, road gradient, length of the buffer between roads and streams, and steepness of the buffer
on sediment yield (Elliot et al. 1998). X-DRAIN is a user-friendly computer program used to determine
optimum cross-drain spacing for existing and planned roads, and to provide recommendations for
constructing and decommissioning roads, and estimating sediment yield for a given road or road system
(Elliot et al.1998).

% http://forest.moscowfsl.wsu.edu/fswepp/

101


http://forest.moscowfsl.wsu.edu/fswepp/

Driving data required for WEPP include a minimum of precipitation, temperature, and solar radia-
tion. Additional data on wind and dew point temperature or relative humidity can be used to support
analytical evapotranspiration calculations. Overall, WEPP ranks as being of high complexity (Table 5),
which reflects its wide-ranging functionality. A web interface is available to run WEPP simulations on
servers at the USDA NSERL. A prototype GIS version is also available for download. The WEPP model
and associated utilities are freeware.

Because the WEPP model does not explicitly include hydrodynamic channel network, flood flow
routing, its functionality is limited to small watersheds (Conroy et al. 2006, Table 7). Furthermore, as
indicated by the model application review (below), WEPP may have limited overall functionality in
simulating the hydrology of forested watersheds.

A1.24.2 Model Applications
The following WEPP published model applications were reviewed:

+ “Evaluation of runoff prediction from WEPP-based erosion models for harvested and burned
forested watersheds” (Covert et al. 2005). This study evaluated runoff predictions generated by
GeoWEPP (Geo-spatial interface to the Water Erosion Prediction Project) and WEPP. Three small
(2 to 9 ha) watersheds in the mountains of the interior Pacific Northwest were monitored for sev-
eral years following timber harvest and prescribed fires. Observed climate variables, percent ground
cover, soil erodibility values, and GIS-derived slope data were used to drive the models. Predictions
of total yearly runoff generated by the GeoWEPP and WEPP models were compared to total yearly
runoff measured at each watershed.

+ “Modeling erosion from insloping low-volume roads with WEPP Watershed Model” (Tysdal et al.
1999). In this study, sensitivity analysis and validation was carried out to determine the ability of
the WEPP hydrologic model to predict erosion from in-sloping forest roads in the Oregon Coast
Range. Various road lengths with contributing areas ranging from 81 to 889 m? were used.

+ “A coupled upland erosion and instream hydrodynamic-sediment transport model for evaluating
sediment transport in forested watersheds” (Conroy et al. 2006). WEPP’s hillslope erosion model
was linked to CCHE1D channel model (sediment transport 1D networks) to model flow and sedi-
ment load at the 473 ha North Fork Caspar Creek Experimental Watershed in coastal, northern
California, which was harvested between 1989 and 1991.

In the seasonal runoff predictions in the Covert study, the modified WEPP model was most accurate
for the spring months (higher runoff) but was a poor predictor for other seasons when the measured
runoff rates were low. The GeoWEPP model successfully incorporated digital-elevation data, but the
WEPP version used to process the data did not adequately represent the hydrological processes of for-
ests. The lateral flow modifications that were added to the WEPP model improved predictions of runoff
in forests, thus suggesting that further refinement of these calculations may improve the accuracy of
WEPP-based models when applied to forest environments (Covert et al. 2005).

One notable limitation of WEPP arose in the Conroy et al. (2006) study. The model stores only daily
summary information, even though it generates sub-daily hillslope runoff and sediment delivery infor-
mation. This limitation precludes the model from being fully integrated with other hydrologic models
that require sub-daily time series data, and resulted in misrepresenting days with more than one peak
flow event. However, results show that linking the upland erosion model WEPP to a channel sediment
transport model, CCHE1D, increased the overall accuracy of surface runoff/erosion estimates associated
with implementing effective erosion control measures within ungauged watersheds.
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The last study showed that, when used correctly, the WEPP hydrologic model can be useful in
predicting runoff and sediment yields for in-sloped, low-volume roads. WEPP can account for such
variations as topography, soil properties, management practices, and climate, all of which cause differ-
ences in low-volume road erosion (Tysdal et al. 1999).

Thus, overall, these studies suggest that WEPP may have limited functionality in simulating forested
watershed hydrology, and that its functionality mainly lies in predicting sediment erosion and yield from
forest roads and hillslopes.

A1.25 WRENSS (WinWrnsHyd and ECA-AB)

The Water Resources Evaluation of Non-Point Silvicultural Sources (WRENSS?*®) handbook provides a
method to describe and evaluate changes to the water resource resulting from non-point silvicultural
activities (US-Enviromental Protection Agency 1980). Two electronic procedures have been developed
from the original WRENSS procedure: WinWrnsHyd (a Microsoft Access™ database implementation of
the hydrology section of the handbook (Troendle and Leaf 1980; Swanson 2005), and Equivalent Clear-
cut Area-Alberta (ECA-AB), which estimates changes in average annual streamflows (Silins 2002; Silins
2003). The description of ECA-AB was kindly provided by Dr. U. Silins, University of Alberta, and is
reproduced with permission.

A1.25.1 Model Description

The WRENSS handbook and its companion electronic program, WinWrnsHyd, is a lumped parameter
black-box hydrologic model, with no explicit soil or vegetation representation. The models provide for
changes in average annual streamflows (yield) under different forest management regimes, and allow for
forest regrowth using growth and yield curves (Tables 4, 6, and 8). The procedure does not account for
runoff or channel routing.

The main use of WinWrnsHyd is in simulating annual water yields (Swanson 2005). Time series
of water yield can be simulated with differing initial regrowth conditions to assist in analyzing past,
present, and future harvesting patterns (Table 8) (Swanson 2005). Changes in water yield as well as
the details of the effects of climatic and silvicultural variables on snow accumulation, disposition, and
evapotranspiration can also be examined (Swanson 2005). “The rain and snow-dominated procedures
were derived from simulated results produced by two models: PROSPER, a plant-soil-water model was
used to simulate the rain-dominated procedure of the WRENSS handbook, and WATBAL, a snowmelt
water balance model was used to simulate the snow dominated procedures” of the WRENSS hand-
book (Swanson 2005, p. 108). Equations underlying the evapotranspiration calculations appear to be
analytical, accounting for leaf area index, while snowmelt calculations are empirical. Changes in evapo-
transpiration are achieved through empirical water use modifiers. The parameters that affect the results
of the snow-dominated procedure are clearcut size, basal area, and tree height regrowth (aerodynamic
roughness) (Swanson 2005). Overall, WRENSS and WinWrnsHyd rank as mixed procedures for simu-
lating the effects of forest harvesting (Tables 4 and 6). The time-series version of WinWrnsHyd requires
regrowth equations for the tree species found in the applicable WRENSS-defined hydrologic/climatic
region (Swanson 2005).

The hydrologic procedures have been modified by the Canadian Forest Service as user-selectable op-
tions, including (Swanson 2005; p. 108):

*+ aprovision to correct winter precipitation for the effect of wind on snow catch in gauges fitted
with the commonly-used shields;

¢ www.epa.gov/warsss/rrisc/handbook.htm
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* aprovision to estimate sublimation from the winter snowpack;

* aprovision to correct precipitation for elevation difference between a watershed and the gauge
location; and

+ the calibration of the model to a watershed with known or estimated annual yield. The calibration
option can be used in lieu of, or in addition to, the snow catch and elevation options.

ECA-AB is a hydrologic procedure that, similar to WRENSS, estimates changes in average annual
streamflows. The revised streamflow generation procedures include incorporating many components
of the WRENSS procedures for simulating annual water yield. However, unlike WRENSS, ECA-Alberta
does not explicitly simulate evapotranspiration (ET), but requires user-supplied information on long-
term precipitation and streamflow (in the watershed or regional averages) to estimate changes in
evapotranspirationand streamflow resulting from forest disturbance. Changes in streamflows are based
on the area harvested in a watershed, rate of forest regrowth, and water balance calculations of generated
runoff (determined from long-term monthly precipitation and annual streamflows). ECA-AB provides a
relatively simple framework for evaluating the hydrologic effects of forest practices with modest input-
data requirements. However, the accuracy of the model output depends primarily on providing it with
accurate information on the hydrologic recovery of forest stands after disturbance, and on the availabil-
ity of representative regional streamflow and precipitation data.

WinWrnsHyd and ECA-AB rank as low complexity procedures (Table 5) that can be used to rapidly
assess changes in annual yield due to different forest management practices. The main drawback of these
models is that their use does not extend beyond annual yield calculations. An algorithm to simulate
peak flow changes due to forest harvesting has been developed in WinWrnsHyd (Swanson 2005) based
on empirical relationships with water yield, but use of this model feature is not recommended given the
lack of accounting for runoff processes in the model.

A1.25.2 Model Applications

The following model applications were reviewed:

+ “Hydrological implications of salvage harvesting lodgepole pine in Hydraulic Creek watershed”.
(Golding 1986). The WRENSS model was applied to simulate the effects of different harvesting
systems on streamflow. The author stressed the limitations of using the model, which calculates
relative yield changes, rather than absolute streamflows.

+ “Opportunistic use of hydrologic data to assess CFS-WRENSS for forestry interpretations in South
Central B.C.” (Gluns and Eremko 1988). The authors evaluated the potential use of WRENSS in
south-central BC. When the model was applied to data from an existing paired watershed study;, it
closely predicted the change in average annual water yield (mm) following clearcutting 27% of the
watershed area. However, the CFS-WRENSS model poorly predicted actual water yields, a use for
which it was not designed. It appeared that the snow evaporation component of the model is not
applicable. The authors concluded that the model has applicability in south-central BC, but only to
assess relative impacts of different harvesting regimes. Additional work is needed before absolute
effects on streamflow can be modelled.

+ “Using the WRNSHYD Procedure to estimate long-term cumulative effects of aspen clearcutting
on water yield in Alberta” (Swanson 1994). Regrowth of aspen clearcuts was estimated and input
into WRENSS to obtain an estimate of the cumulative effects of harvest through time. The net
effect in WRENSS of the combined effects of clearcutting on snow accumulation, snow transport,
loss in transport, and evapotranspiration is zero for any single clearcut in aspen forests of this
region 25 years after harvest. The cumulative effects of periodic harvests within a 546-km?* water-
shed were estimated to determine possible harvesting regimes to maintain the annual water yield
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increase below 15% at the first significant user, a criterion established by Alberta Environment to
minimize flooding impacts on downstream residents and water users.

+ “Hydrologic recovery of aspen clearcuts in northwestern Alberta” (Swanson and Rothwell 2001).
Several deciduous forest sites in northwestern Alberta ranging from 20 to 40 ha in size were
modelled over 60 years to determine the change in generated runoff from original harvest. The ob-
jective of this study was to better define the period during which aspen clearcuts could significantly
affect water yield and the potential for flooding. The aspen regrowth equations were programmed
to reach maximum basal area at age 60 for this project. This allowed forest managers to successfully
relate cumulative areal and temporal harvests to water yield change.

+ “Hydrologic effects of mountain pine beetle infestations in western Alberta” (Rothwell and Swan-
son 2007). WRENSS was used to simulate the hydrologic effects of mountain pine beetle tree
mortality on annual water yield and peak flows in the east-slope watersheds of western Alberta.
Simulations were done at Forest Management Unit 2 (FMU 8), a 2200-km? area dominated by
lodgepole pine stands.

Overall, these studies show the WRENSS procedure as useful for evaluating the relative effects of
existing and future harvests to minimize any detrimental effects on water users and other resources. Care
may be needed when assessing absolute effects on streamflow, at least in portions of BC (Golding 1986;
Gluns and Eremko1988). The model is currently relatively widely used in Alberta.

A1.26 WRMM

The Water Resources Management Model (WRMM) was developed by Alberta Environment as a plan-
ning tool for surface water resources utilization in river basins (Ilich et al. 2000). The model may be
applied to relatively simple river systems or it can represent extensive, complex river basins with a net-
work of reservoirs, hydro-plants, instream channels, diversion canals, irrigation, and other consumptive
uses.

The model enables easy and repeated analysis of the river basin’s response to differing combinations
of water supplies, demands, and water management structures (Ilich et al. 2000). The model simulates
planning alternatives within a river basin by allocating the water supply to present or projected uses. Use
of the model has evolved in two forms:

+ Basin Planning, which uses historical supply and demand data to project future conditions, allow-
ing the assessment of long-term water use alternatives; and

* Operational Planning, which evaluates the short-term future (e.g. next few days or weeks) conse-
quences of different operational strategies.

The WRMM has been extensively used by Alberta Environment for water-use planning in the South
Saskatchewan River Basin.

The WRMM does not simulate watershed processes (runoff, etc.) in that water supply from head-
waters or local runoff (i.e., natural inflows to the river system) must be specified by the user from
measurements or from simulated forecast flows from another model. As such, the model has no func-
tionality in forest management applications and is not included in Tables 4 to 8.

A1.27 WUAM

The Water Use Analysis Model (WUAM) is designed by the Economics and Conservation Branch,
Ecosystem Sciences and Evaluation Directorate of Environment Canada, primarily to provide projec-
tions of multi-sectoral water uses in a drainage basin context (Kassem 1992; Kassem et al. 1994). WUAM
depicts a river basin as a dendritic network of nodes (representing tributaries or sub-basins) and links
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(representing the flow path between nodes), with water use projections and water balance calcula-

tions carried out at the node level using monthly time intervals (Kassem 1992; Kassem et al.1994). The
model is also able to consider water diversions and inter-jurisdictional water apportionment, analyze the
impacts of water price on water use, model reservoir operations, account for water use priorities, and
analyze water rationing and usage cutbacks when available water supplies are approached or exceeded
(Kassem 1992; Kassem et al. 1994).

As with WRMM, water supplies are simulated based on specified natural streamflow time-series data
at selected points within the drainage basin, i.e., the model does not simulate watershed processes (run-
off etc.) such that water supply from headwaters, local runoff or in-diversion must be specified by the
user from measurements or simulated forecast flows. As such, the model has no functionality in forest
management applications and is not included in Tables 4 to 8.
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APPENDIX 2 MODEL REVIEW TABLES

TABLE A2.1 Agricultural Catchments Research Unit (ACRU)

Model name

Agricultural Catchments Research Unit (ACRU)

Development group

Department of Agricultural Engineering of
the University of Natal in Pietermaritzburg,
South Africa. A version of the model adapted
for Alberta conditions was developed at the
University of Lethbridge (Stefan Kienzle)

Model information URL www.beeh.unp.ac.za/acru/
Manual Yes
Tutorial No
Model support Dr. Stefan Kienzle is willing to provide training for
a fee; original training, without the snow modelling,
can be provided in South Africa (Pietermaritzburg).
Model cost A few 100 US$
Computing requirements Equipment PC
Software GIS

Source code available

Contact developer

Model type Semi-distributed
Model scales Input time step Daily

Output time step Daily

Grid size Sub-basins

Application scale

Planning scale

Small to medium watersheds

Sub-basins

Model calibration method

Manual or external automated procedure

Hydrologic regimes simulated  Glacial No
Nival Yes (University of Lethbridge model version only)
Pluvial Yes
Mixed Yes

Hydrologic processes Vegetation Single layer

modelled

Rainfall interception
Snow accumulation
Snowmelt

Snow interception
Evapotranspiration
Infiltration

Overland flow

Subsurface hillslope runoff

Groundwater flow
Roads

Streamflow routing
Frozen soil

Lakes/wetlands

Fraction of rainfall

Threshold temperature

Temperature index, accounting for precipitation
Fraction of snowfall

Physically based

Empirical

Empirical

Empirical

Empirical
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TABLE A2.1 continued

Model name

Agricultural Catchments Research Unit (ACRU)

Model outputs Full hydrograph Yes

Annual yield Yes

Peak flow Yes

Low flow Yes

SWE Yes (not in UNP version of model)

Evapotranspiration Yes

Water balance Yes

Soil moisture Yes

Infiltration Yes

Water table Yes

Overland flow Yes

Subsurface hillslope runoff Yes

Groundwater Yes

Road flow No

Watershed runoff Yes

Other Sediment erosion, nutrient fluxes;

irrigation, reservoir operations

Key required inputs Map files DEM, land classification, soil
(may need to refer to depth, and texture classes
documentation for Meteorology data Daily precipitation and minimum

comprehensive list)

Overstorey vegetation parameters
Understorey vegetation parameters
Soil parameters (deep layers)

Soil parameters (root zone layers)
Routing

Data processing requirements

and maximum temperature

Crop type

None

Soil texture, hydraulic conductivity

Soil texture, hydraulic conductivity, root depths
Slope, length, roughness, shape

High; GIS required

Key model assumptions
or limitations

Predominantly an agricultural model but has
been applied in forested environments

Constraints Data requirements High
Level of expertise Professional to academic
Level of effort High
Model adaptability Forest regrowth capability No (model does have a crop yield

Complex stand characteristics
Forest mortality or fire risk
Alteration of land cover details

Future climate data

component for economic analysis)

No

No

Yes,but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.2 BROOK90

Model name

BROOK90

Development group

C. Anthony Federer

Model information URL http://home.roadrunner.com/~stfederer/
brook/compassb.htm
Manual Yes, available upon request
Tutorial No
Model support tony@ecoshift.net
Model cost Free (If model is used regularly, $30 for
individual licence and $50 for site licence)
Computing requirements Equipment PC, Apple, or Unix workstation with
a minimum of 512Mb RAM
Software WinZip, TextPad, FileEx

Source code available

Yes (Fortran, C, QuickBasic, VisualBasic)

Model type

Lumped model

Model scales

Input time step

Output time step

Grid size
Application scale

Planning scale

Daily

Detailed output (spatial variables)
at user specified times

N/A
Small watersheds

Watershed

Model calibration method

Manual or external automated procedure

Hydrologic regimes simulated ~ Glacial No

Nival Yes

Pluvial Yes

Mixed No allowance for ROS events
Hydrologic processes Vegetation Single layer

modelled

Rainfall interception

Snow accumulation

Snowmelt

Snow interception

Evapotranspiration

Infiltration

Overland flow

Subsurface hillslope runoff

Groundwater flow
Roads

Streamflow routing
Frozen soil

Lakes/wetlands

Calculated with a canopy resistance of
zero and aerodynamic resistances based
on canopy height, coupled with a canopy
capacity and an average storm duration

Yes

Based on a degree-day factor; accounts for
snowpack temperature and liquid water content

Identical to rain interception with no
allowance for melt of intercepted snow

Energy-based calculations for overstorey, understorey
and soil using Shuttleworth and Wallace

Darcy’s Law accounting for soil moisture level
Saturation excess overland flow

The downslope flux from each layer depends on
the slope and slope length parameters as well
as on the hydraulic conductivity of the layer.

Empirical reservoir

No
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TABLE A2.2 continued

Model name

BROOK90

Model outputs Full hydrograph For first-order watersheds only

Annual yield For first-order watersheds only

Peak flow For first-order watersheds only

Low flow For first-order watersheds only

SWE Yes

Evapotranspiration Yes

Water balance Yes

Soil moisture Yes

Infiltration Yes

Water table Yes

Overland flow Yes

Subsurface hillslope runoff Yes

Groundwater Yes

Road flow No

Watershed runoff Yes

Other Preferential flow
Key required inputs Map files No
(may need t(? refer to Meteorology data Daily temperature and maximum/minimum
documentat{on f-or temperature required (daily solar radiation,
comprehensive list) vapor pressure, and wind speed are desirable)

Constants Canopy parameter, Stefan Boltzman constant,

Overstorey vegetation parameters

Understorey vegetation parameters

Soil parameters (deep layers)

Soil parameters (root zone layers)

Channel routing

Data processing requirements

solar constant, latent heat of sublimation of
snow, latent heat of fusion of water, vonKarmen
constant, psychromoter constant

Albedo, days of initial leaf out and major

leaf fall, LAI, stem area index

N/A

Thickness of unsaturated zone; number

of soil parameters is flexible and depends

on runoff mechanism(s) simulated

Soil water release curve, thickness of root
zone; number of soil parameters is flexible and
depends on runoff mechanism(s) simulated)
None

Medium

Key model assumptions
or limitations

No channel routing

Constraints Data requirements Medium

Level of expertise Medium

Level of effort Basic GUI makes for medium effort
Model adaptability Forest regrowth capability No but input can be manipulated to

Complex stand characteristics

Forest mortality or fire risk
Alteration of land cover details

Future climate data

reflect input from growth models

No; mixed stands are represented
through average parameters

No
Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.3 Cold Regions Hydrologic Model (CRHM)

Model name

Cold Regions Hydrologic Model (CRHM)

Development group

University of Saskatchewan

Model information URL www.usask.ca/hydrology/crhm.htm
Manual Yes; 30-page overview
Tutorial No
Model Support Limited; see website for contact info
Model Cost None (academic distribution and agreement)
Computing requirements Equipment PC
Software GIS (ArcView); C++ for modification; Excel for post-processing
Source Code Available Yes
Model type Semi-distributed
Model scales Input Time Step Sub-daily
Output Time Step Sub-daily
Grid Size Metres; model is object-oriented, based on HRUs that have

Application Scale

Planning scale

variable spatial units and connectivity for a region
Small to medium watersheds

Landscape segments such as hillslopes (HRUs)

Model calibration method

Manual or external automated procedure

Hydrologic regimes simulated  Glacial No

Nival Yes

Pluvial Yes

Mixed Yes
Hydrologic processes Vegetation Single layer
modelled Rainfall interception Yes

Snow accumulation

Snowmelt

Snow Interception

Evapotranspiration

Infiltration

Overland flow

Subsurface hillslope runoff

Groundwater flow
Roads

Streamflow routing
Frozen soil

Lakes/wetlands

Accumulation and blowing snow transport model

Various choices, including: energy balance model,
fractal melt/depletion model, simplified melt models,
or radiation and temperature index method

Interception and sublimation

Penman-Monteith, Granger and Pomeroy,
Shuttleworth and Wallace

Various choices, including: Green and Ampt approach,
and methods by Gray, Granger for frozen soils

Soil moisture balance for modelling drainage and runoff
Soil moisture balance for modelling drainage and runoff
Yes

No

No; streamflow response modelled by lag and route method
Yes

No
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TABLE A2.3 continued

Model name

Cold Regions Hydrologic Model (CRHM)

Model outputs Full hydrograph Simplified channel routing

Annual yield Simplified channel routing

Peak flow Simplified channel routing

Low flow Simplified channel routing

SWE Yes

Evapotranspiration Yes

Water Balance Yes

Soil Moisture Yes

Infiltration Yes

Water table Yes

Overland flow No

Subsurface hillslope runoff Yes

Groundwater Yes

Road flow No

Watershed Runoff Yes

Other Effects of frozen soil on water movement
Key required inputs Map Files Spatial data (basin area, DEM) imported/
(may need to refer to generated with internal GIS tools
documentati‘on for Meteorology data Variable, depending on specific module selections
comprehensive list) within CRHM (precipitation, temperature, radiation,

humidity, wind speed, and direction)
Overstorey vegetation Vegetation height, albedo, fetch distance
parameters

Understorey vegetation
parameters

Soil parameters (deep layers)

Soil parameters (root
zone layers)

Channel Routing

Data processing Requirements

N/A

Lag time, storage constant

Ground slope, thickness, bulk density, porosity, heat capacity,
soil moisture conditions, hydraulic conductivity

Lag time, storage constant

High; HRUs developed using GIS tool within
CRHM based on user understanding of spatial data,
terrain, and relevant hydrological processes

Key model assumptions

Simplified streamflow routing

or limitations
Constraints Data requirements Moderate; highly dependent on complexity of
processes selected in various modules
Level of expertise High; selection and use of each module would require
knowledge of each specific model/process
Level of effort High
Model adaptability Forest-regrowth capability No, but input can be manipulated to reflect

Complex stand characteristics
Forest mortality or fire risk

Alteration of land
cover details

Future climate data

input from growth models
No; mixed stands are represented through average parameters
No

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.4 Distributed Hydrology Soil Vegetation Model (DHSVM)

Model name

Distributed Hydrology Soil Vegetation Model (DHSVM)

Development group

University of Washington

Model information URL www.hydro.washington.edu/Lettenmaier/
Models/DHSVM/index.shtml
Manual Limited (web pages)
Tutorial Yes
Model support Limited support available by special arrangement (dhsym@
hydro.washington.edu; DHSVM user support list server)
Model cost None (GIS software will need to be purchased)
Computing requirements Equipment PC, Apple, or Unix workstation with a minimum of 512Mb RAM
Software GIS (ArcInfo); Gnu C-compiler (freeware)
Source code available Yes
Model type Fully distributed
Model scales Input time step Sub-daily

Output time step

Grid size

Application scale

Same as input; detailed output (spatial
variables) at user specified times

10 to several 100 m

Small to medium watersheds up to 10 000 km?

Planning scale Flexible
Model calibration method Manual or external automated procedure
Hydrologic regimes simulated ~ Glacial No
Nival Yes
Pluvial Yes
Mixed Yes
Hydrologic processes Vegetation Overstorey (trees) and understorey
modelled Rainfall interception Maximum canopy rainfall interception threshold; mass and
energy balance for evaporation of intercepted rainfall
Snow accumulation Rain/snow temperature thresholds
Snowmelt Physical; snow mass and energy balance
Snow interception Rate and maximum canopy snow interception threshold; mass
and energy balance for melt and evaporation of intercepted snow
Evapotranspiration Energy-based calculations for overstorey, understorey, and soil
Infiltration Darcy’s Law accounting for soil moisture level
Overland flow Empirical with flow velocity dependent on grid size and time step
Subsurface hillslope runoff ~ Pixel-by-pixel routing based on topographic gradient,
water mass balance, and Darcy’s Law
Groundwater flow DHSVM does not have an explicit
representation of groundwater flow
Roads Can be incorporated but not required
Streamflow routing Can be internal (DEM calculated using GIS), forced
(stream network file), or unit hydrograph
Frozen soil No
Lakes/wetlands No
Model outputs Full hydrograph Yes
Annual yield Yes
Peak flow Yes
Low flow Yes
SWE Yes
Evapotranspiration Yes
Water balance Yes
Soil moisture Yes
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TABLE A2.4 continued

Model name

Distributed Hydrology Soil Vegetation Model (DHSVM)

Model outputs, cont. Infiltration Yes
Water table Yes
Overland flow Yes
Subsurface hillslope runoff ~ Yes
Groundwater No
Road flow Yes
Watershed runoff Yes
Other Mass wasting, sediment erosion
Key required inputs Map files DEM, vegetation type, soil type, and depth
(may need to refer to Meteorology data Temperature, precipitation, humidity, wind speed, shortwave
documentation for and longwave radiation, temperature lapse rate and precipitation
comprehensive list) lapse rate for one or more stations at model input time step
Constants Reference height for meteorology data, rain LAI multiplier,
snow LAI multiplier, rain/snow temperature thresholds,
snow roughness, snow water capacity, ground roughness
Overstorey vegetation Fractional coverage, trunk space, height, LAI, albedo, aerodynamic
parameters attenuation, radiation attenuation, clumping factor, maximum

Understorey vegetation
parameters

Soil parameters

(deep layers)

Soil parameters (root
zone layers)

Routing

Data processing
Requirements

snow interception capacity, maximum release drip ratio,
snow interception efficiency, stomatal resistance (min/max),
moisture threshold, vapor pressure deficit, RPC, number of
root zones, root zone depths, root fractions in each zone

LAL albedo, root fractions in each zone
Lateral conductivity and exponential decrease, porosity

Surface albedo, vertical conductivity, porosity, maximum infiltration,
pore size distribution, bubbling pressure, field capacity, wilting
point, bulk density, thermal conductivity, thermal capacity

Stream network file, stream map file, stream class file, road

network file, road map file, road class file, unit hydrograph, and
travel time files (last two files replace need for all preceding files)
Most data requires GIS processing including maps

(topography, soil type and depth, vegetation) and streamflow
routing and roads; climate data typically also needs to

be processed to address data gaps and quality

Key model assumptions
or limitations

Steeply sloped terrain with thin soil veneer

Constraints Data requirements DHSVM data requirements are high compared to
typical data availability; most physical parameters
can be based on literature values
Level of expertise Senior professional to academic level; model user needs to be
knowlegable in physical hydrology, computer modelling, and GIS
Level of effort High; considerable GIS and data processing required
Model adaptability Forest-regrowth capability ~ No, but input can be manipulated to reflect

Complex stand
characteristics

Forest mortality or fire risk
Alteration of land
cover details

Future climate data

input from growth models

No; mixed stands are represented through average parameters

No

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios; model can
handle map input from meteorological models (MM5)
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TABLE A2.5 Forest Hydrology Model (ForHyM)

Model name

Forest Hydrology Model (ForHyM)

Development group

University of New Brunswick, Department of Forestry

Model information URL N/A
Manual No
Tutorial No
Model support Unlikely
Model cost Free
Computing requirements Equipment PC or Apple workstation
Software Not known
Source code available No
Model type Lumped
Model scales Input time step Daily or weekly

Output time step
Grid size
Application scale

Planning scale

Same as input
N/A
Small watersheds

Watershed

Model calibration method

Manual or external automated procedure

Hydrologic regimes simulated ~ Glacial No
Nival Yes
Pluvial Yes
Mixed No
Hydrologic processes Vegetation Overstorey (trees)
modelled Rainfall interception Yes; based on theoretical relationship
Snow accumulation Rain/snow temperature thresholds
Snowmelt Accounts for snowpack temperature, ET and liquid water content
Snow interception Yes; based on theoretical relationship
Evapotranspiration Potential ET equation based on relationships with air temperature
Infiltration Yes
Overland flow No
Subsurface hillslope runoff No
Groundwater flow No; model does not address seepage losses to groundwater
Roads No
Streamflow routing No
Frozen soil No
Lakes/wetlands No
Model outputs Full hydrograph For first-order watersheds only
Annual yield For first-order watersheds only
Peak flow For first-order watersheds only
Low flow For first-order watersheds only
SWE Yes
Evapotranspiration Yes
Water balance Yes
Soil moisture Yes
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TABLE A2.5 continued

Model name

Forest Hydrology Model (ForHyM)

Model outputs, cont. Infiltration Yes
Water table No
Overland flow No
Subsurface hillslope runoff Yes
Groundwater No
Road flow No
Watershed runoff Yes
Other None
Key required inputs Map files No
Elmay need t(? reffer to Meteorology data Monthly values for: mean air temperature, precipitation,
ocumentatllon or and mean snow fraction of precipitation
comprehensive list) ) o
Constants LAL field capcity, and permanent wilting percentage
for deciduous versus coniferous trees
Overstorey vegetation LAI, stem area index, proportions of
parameters coniferous and deciduous trees

Understorey vegetation
parameters

Soil parameters (deep layers)

Soil parameters (root
zone layers)

Channel Routing

Data processing Requirements

N/A

N/A

Field capacity, thickness and permanent wilting percentage
for each of forest floor, soil and subsoil, clay fraction
of soil and subsoil, texture of soil and subsoil

None

Minimal

Key model assumptions
or limitations

No channel routing

Constraints Data requirements Low to medium
Level of expertise Professional to academic
Level of effort Medium
Model adaptability Forest regrowth capability No, but input can be manipulated to reflect

Complex stand characteristics
Forest mortality or fire risk
Alteration of land cover details

Future climate data

input from growth models

No; mixed stands are represented through average parameters
No

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.6 Forest Water Dynamics (ForWaDy)

Model name

Forest Water Dynamics (ForWaDy)

Development group

B. Seely and J. P. Kimmins.

Model information URL www.forestry.ubc.ca/ecomodels/moddev/forwady/forwady.htm
Manual No
Tutorial No
Model Support Contact developer
Model Cost Free
Computing requirements Equipment PC or Apple workstation
Software Contact developer

Source code available

Contact developer

Model type

Lumped

Model scales

Input time step
Output time step
Grid size
Application scale

Planning scale

0.25 days

Same as input
N/A

Small watersheds

Watershed

Model calibration method

Manual or external automated procedure

Hydrologic regimes simulated  Glacial No
Nival Yes
Pluvial Yes
Mixed Yes
Hydrologic processes Vegetation Overstorey (trees) and understorey
modelled Rainfall interception Yes; based on theoretical relationship
Snow accumulation Rain/snow temperature thresholds
Snowmelt Accounts for snowpack temperature, ET,
radiation melt and liquid water content
Snow Interception Yes; based on theoretical relationship
Evapotranspiration Energy budget approach for canopy trees,
understorey plants and forest floor
Infiltration Yes
Overland flow No
Subsurface hillslope runoff ~ No
Groundwater flow No; current model does not address seepage losses to groundwater
Roads No
Streamflow routing No
Frozen soil No
Lakes/wetlands No
Model outputs Full hydrograph For first-order watersheds only
Annual yield For first-order watersheds only
Peak flow For first-order watersheds only
Low flow For first-order watersheds only
SWE Yes
Evapotranspiration Yes
Water Balance Yes
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TABLE A2.6 continued

Model name

Forest Water Dynamics (ForWaDy)

Model outputs, cont. Soil Moisture Yes
Infiltration Yes
Water table No
Overland flow No
Subsurface hillslope runoff ~ Yes
Groundwater No
Road flow No
Watershed Runoff Yes
Other None
Key required inputs Map Files No
flmay need t(_) r effer to Meteorology data Mean, maximum and minimum air temperature, solar
ocumentatl.on ror radiation, total precipitation, snow fraction
comprehensive list)
Constants Albedo for the canopy and understorey
Overstorey vegetation Percent cover by conifers and hardwoods
parameters

Understorey vegetation
parameters

Soil parameters
(deep layers)

Soil parameters (root
zone layers)

Routing

Data processing
Requirements

Seasonal conifer and hardwood LAI, seasonal understorey
percent cover, rooting depths for trees, rooting depths for
understorey, root occupancy in each layer, canopy resistance

Soil texture class of each soil layer, coarse fragment content of layers

LF layer mass (kg/ha), humus depth and bulk density,
depth of soil layers (rooting zone), soil texture class of
each soil layer, coarse fragment content of layers

None

Minimal

Key model assumptions
or limitations

No channel routing

Constraints Data requirements Medium
Level of expertise Professional to academic
Level of effort Medium
Model adaptability Forest regrowth capability =~ No, but model can be coupled to FORECAST and FORCEE

Complex stand
characteristics

Forest mortality or fire risk

Alteration of land
cover details

Future climate data

Noj; mixed stands are represented through average parameters

No

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.7 Hydrologiska Bryans Vattenbalansavdelning-Environment Canada (HBV-EC)

Model Name

Hydrologiska Byrans Vattenbalansavdelning-Environment Canada

(HBV-EC)

Development group

Environment Canada Pacific and Yukon Region
(D. Hutchinson), UBC Dept of Geography (D. Moore)

Model information URL http://chc.nrc-cnre.ge.ca/Numerical/Downloads/Green_Kenue_e.html
Manual Yes; described under Green Kenue website
Tutorial Yes; available at ftp://kenueftp.chc.nrc.ca/GreenKenue/
Model support Contact developers
Model cost None; licence agreement with National Research Council of Canada
Computing requirements Equipment PC
Software GIS (ArcView); Green Kenue GUI for HBV-EC

Source code available

Contact developers

Model type Semi-distributed
Model scales Input time step Daily
Output time step Daily

Grid size

Application scale

Planning scale

Model area is divided into elevation bands and uniform
grid to define forested, open, lake, and glacial areas

Small to medium watersheds

Landscape segments such as hillslopes (HRUs)

Model calibration method

Manual or external automated procedure

Hydrologic regimes simulated  Glacial Yes

Nival Yes

Pluvial Yes

Mixed No
Hydrologic processes Vegetation No explicit accounting for forest cover (as “layer”)
modelled

Rainfall interception
Snow accumulation

Snowmelt

Snow interception
Evapotranspiration

Infiltration

Overland flow

Subsurface
hillslope runoff

Groundwater flow

Roads
Streamflow routing
Frozen soil

Lakes/wetlands

Fraction of rainfall
Threshold temperature

Temperature index, accounting for retention
capacity of snow and partial thaw

Fraction of snowfall
ET is scaled relative to potential ET and soil moisture storage

Percolation modelled based on soil moisture storage for
given elevation band and user specified field capacity

Generated when soil moisture storage is exceeded

Cumulative runoff is summed for forested and open areas, and
added to “fast” and “slow” linear reservoirs; runoff from glacier
areas is routed seperately, based on SWE of glaciated area

Cumulative runoff is summed for forested and open areas, and
added to “fast” and “slow” linear reservoirs; runoff from glacier
areas is routed seperately, based on SWE of glaciated area

No
Simplified channel routing; triangular weighting function
No
No
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TABLE A2.7 continued

Hydrologiska Byréns Vattenbalansavdelning-Environment Canada

Model Name (HBV-EC)
Model outputs Full hydrograph Simplified channel routing

Annual yield Simplified channel routing

Peak flow Simplified channel routing

Low flow Simplified channel routing

SWE Yes

Evapotranspiration Yes

Water Balance Yes

Soil Moisture Yes

Infiltration Yes

Water table No

Overland flow Yes

Subsurface Yes

hillslope runoff

Groundwater Yes

Road flow No

Watershed Runoff Yes

Other glacial melt, lakes
Key required inputs Map Files DEM, land classification (forest, open, lake, glacier)
(may need t(_) refer to Meteorology data Daily precipitation, daily mean temperature, daily potential
documentatl.on f.or ET, correction factors for elevation and gauge errors
comprehensive list)

Overstorey vegetation Canopy factors for sunlight blocked, interception

parameters fraction, ratio of melt compared to open areas

Understorey vegetation
parameters

Soil parameters
(deep layers)

Soil parameters
(root zone layers)

Routing

Data processing
Requirements

None

Empiriral reservoir parameters
Field capacity, lower limit for ET
Linear reservoir parameters

Green Kenue GUI offers windows-driven method
(drop down menus) for model setup

Key model assumptions
or limitations

Rudimentary representation of forest effects on
watershed hydrology; simplified channel routing

Constraints Data requirements Medium
Level of expertise Professional to academic
Level of effort Medium
Model adaptability Forest regrowth capability No
Complex stand No
characteristics
Forest mortality No

or fire risk

Alteration of land
cover details

Future climate data

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.8 Hydrologic Engineering Center's Hydrologic Modelling System (HEC-HMS)

Model Name

Hydrologic Engineering Center’s Hydrologic Modelling System
(HEC-HMS)

Development group

US Army Corps of Engineers

Model information URL www.hec.usace.army.mil/software/hec-hms/
Manual Yes
Tutorial Yes; example applications and training workshops available
Model support No
Model cost None
Computing requirements Equipment PC, Solaris UNIX, Linux
Software GIS (ArcView or companion product: HEC-GeoHMS)

Source code available

No

Model type

Semi-distributed

Model scales

Input time step
Output time step
Grid size
Application scale

Planning scale

Sub-daily or greater
Sub-daily or greater

N/A

Small to large watersheds

Sub-basins

Model calibration method

Internal automated procedure

Hydrologic regimes simulated ~ Glacial No
Nival Yes
Pluvial Yes
Mixed No
Hydrologic processes Vegetation Single layer
modelled Rainfall interception Not specified
Snow accumulation Temperature threshold dependent
Snowmelt Temperature-index method, distributed based on elevation bands
Snow interception Not specified
Evapotranspiration Monthly average PET by Priestly-Taylor
Infiltration Various methods including: constant or exponential rate,
SCS curve number, Green-Ampt, Smith-Parlange
Overland flow Various methods including: unit hydrograph of Clark, Snyder
or SCS, user-specified unit hydrographs, kinematic wave
Subsurface hillslope runoff ~ Flow from sub-basins can be accounted for by
various methods: constant input, linear reservoir
method, non-linear Boussinesq method
Groundwater flow Yes, several reservoirs
Roads No
Streamflow routing Various methods: simple time lag, Muskingum routing, modified Puls
method, Muskingum-Cunge method for complex channel geometry
Frozen soil No
Lakes/wetlands Yes
Model outputs Full hydrograph Yes
Annual yield Yes
Peak flow Yes
Low flow Yes
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TABLE A2.8 continued

Hydrologic Engineering Center’s Hydrologic Modelling System

Model Name (HEC-HMS)
Model outputs, cont. SWE Yes
Evapotranspiration Yes
Water balance Yes
Soil moisture Yes
Infiltration Yes
Water table No
Overland flow Yes
Subsurface hillslope runoff ~ Yes
Groundwater Yes
Road flow No
Watershed runoff Yes
Other lakes/wetlands
Key required inputs Map files Not specified
(may need t? refer to Meteorology data Meteorological data are input to a meteorological model that
documentau.on f'or may be applied in a gridded or Theissen polygon approach to the
comprehensive list) model area; data may originate from specific gauges stations or
be generated statistically based on required storm frequency and
exceedance probability (US National Weather Service data)
Opverstorey vegetation Crop coefficient for distribution of vegetative cover within model area
parameters

Understorey vegetation
parameters

Soil parameters
(deep layers)

Soil parameters
(root zone layers)

Routing

Data processing
requirements

N/A

Linear reservoir parameters for baseflow store;
depends on complexity of modelling

Linear reservoir parameters for interflow store;
depends on complexity of modelling

Depends on complexity of modelling

Basins are defined and comprised of hydrologic elements (sub-
basin, reach, reservoir, junction, diversion, source, sink)

Key model assumptions
or limitations

Empirical ET and snowmelt equations; SCS curve number
runoff methods predominantly a model for river networks

Constraints Data requirements High
Level of expertise Professional to academic
Level of effort High
Model adaptability Forest regrowth capability  No
Complex stand No
characteristics
Forest mortality or fire risk  No

Alteration of land
cover details

Future climate data

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.9 Hydraulic Evaluation of Landfill Performance (HELP)

Model Name

Hydraulic Evaluation of Landfill Performance (HELP)

Development group

US Environmental Protection Agency, US Army Corps of
Engineers, University of Hamburg Institute of Soil Science

Model information URL http://el.erdc.usace.army.mil/elmodels/helpinfo.html
www.geowiss.uni-hamburg.de/i-boden/mitarb/kberger_e.htm
Manual Yes
Tutorial Yes
Model support Limited for publically available code; training and support available
from Schlumberger Water Services for Visual HELP version
Model cost Free code publically available from http://el.erdc.usace.army.mil/
products.cfm?Topic=modele>Type=landfill; Visual HELP with GUI
available from
www.swstechnology.com/software_product.php?ID=11
Computing requirements Equipment PC
Software GIS and Python for distributed recharge modelling

Source code available

No

Model type

Semi-distributed when combined with GIS

Model scales

Input time step
Output time step
Grid size

Application scale

Planning scale

Daily
Daily; summaries for longer timeframes
None (1D columns)

Soil columns and combinations/groups of
columns for larger areas of any size

Soil columns and combinations/groups of
columns for larger areas of any size

Model calibration method

Manual or external automated procedure

Hydrologic regimes simulated ~ Glacial No
Nival Yes
Pluvial Yes
Mixed Yes
Hydrologic processes Vegetation 1-layer of vegetation, growth and decay

modelled

Rainfall interception

Snow accumulation

Snowmelt

Snow interception
Evapotranspiration

Infiltration

Overland flow

Subsurface hillslope runoff
Groundwater flow

Roads

Streamflow routing

Frozen soil

Lakes/wetlands

model relative to maximum LAI

Interception calculated by empirical
relationship for above ground biomass

Snow accumulation based on temperature threshold

Snow melt calculated by temperature index method
allowing for re-freezing and rain-on-snow

Not specified
Modified Penman equation (energy available for ET)

Initial infiltration calculated by surface water balance
(accounting for rainfall, snowmelt, runoff, evaporation),
vertical drainage in the soil column is calculated per
layer based on Darcy flow by unit gradient

Runoff calculated by SCS curve number but not routed

No
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TABLE A2.9 continued

Model Name Hydraulic Evaluation of Landfill Performance (HELP)
Model outputs Full hydrograph No

Annual yield No

Peak flow No

Low flow No

SWE Yes

Evapotranspiration Yes

Water Balance Yes

Soil Moisture Yes

Soil Moisture Yes

Infiltration Yes

Water table No

Overland flow No

Subsurface hillslope runoff No

Groundwater No

Road flow No

Watershed Runoff Yes

Other None
Key required inputs Map Files DEM (for approximate slope aspect only), soil type, vegetation
(may need t(_) refer to Meteorology data Growing season, average annual windspeed, average quaterly
documentatl.on f.or humidity, latitude, precipitation, temperature, solar radiation
comprehensive list)

Overstorey vegetation LAJ, evaporative zone depth

parameters

Understorey vegetation
parameters

Soil parameters
(saturated zone)

Soil parameters
(unsaturated zone)

Channel Routing

Data processing
Requirements

Lumped with overstorey vegetation (i.e., one vegetation layer)
Water table depth (base of model)

Porosity, wilting point, field capacity, hydraulic conductivity,
SCS curve number, slope, layers and thicknesses

None

Climate data can be generated from internal weather
generator; soil layer data can be selected from database

Key model assumptions
or limitations

No channel routing; SCS curve number runoff
methods; developed as landfill model

Constraints Data requirements Medium
Level of expertise Medium
Level of effort Medium

Model adaptability Forest regrowth capability Yes

Complex stand
characteristics

Forest mortality or fire risk

Alteration of land
cover details

Future climate data

No; mixed stands are represented through average parameters

No

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.10 Hydrologic Simulation Program—Fortran (HSPF)

Model name

Hydrologic Simulation Program—Fortran (HSPF)

Development group

USGS/US-EPA

Model information URL http://water.usgs.gov/software/HSPF/

Manual Yes (WinHSPF user manual; Window’s help file)

Tutorial Yes (part of WinHSPF user manual)

Model support AQUA TERRA Consultants; USGS HSPF user list server

Model cost None (WinHSPF is distributed as part of US-EPA BASINS

analysis system): www.epa.gov/waterscience/BASINS/

Computing requirements Equipment Unix or DOS and 128 Mb of RAM

Software ArcView Version 3.1 or better and Spatial Analist

Gui Yes (WinHSPF, BASINS)

Source code available

No

Model type

Semi-distributed

Model scales

Input time step
Output time step
Grid size
Application scale

Planning scale

1 minute to 1 day

Same as input

land segments with similar hydrologic characteristics
Small to large watersheds

Grouped land segment to watershed scale

Model calibration method

Yes; HSPFexpert can be used for model calibration

Hydrologic regimes simulated ~ Glacial No
Nival Yes
Pluvial Yes
Mixed Yes
Hydrologic processes Vegetation Single canopy
modelled Rainfall interception interception of rain or water yielded by melting snowpack
Snow accumulation Rain/snow temperature threshold
Snowmelt Snow accumulation and melt using an degree-
day or energy balance approach
Snow interception No; only snowmelt interception considered (see above)
Evapotranspiration Emperical from PET and water available in storage
reservoirs (canopy interception, upper soil zone,
lower soil zone, baseflow, active groundwater)
Infiltration Infiltration capacity based
Overland flow Yes
Subsurface hillslope runoff ~ Upper zone, lower zone, and baseflow reservoir
Groundwater flow Not explicitly simulated; deep percolation
is considered “lost” to system
Roads No
Streamflow routing Inputs from pervious and impervious land segments are
routed downstream through user-defined reaches
Frozen soil No
Lakes/wetlands Yes
Model outputs Full hydrograph Yes
Annual yield Yes
Peak flow Yes
Low flow Yes
SWE Yes
Evapotranspiration Yes
Water balance Yes
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TABLE A2.10 continued

Model name Hydrologic Simulation Program—Fortran (HSPF)
Model outputs, cont. Soil moisture Yes
Infiltration Yes
Water table Yes
Overland flow Yes
Subsurface hillslope runoff ~ Yes
Groundwater Yes
Road flow No
Watershed runoff Yes
Other Water quality
Key required inputs Map files DEM
(may need to refer to Pervious or impervious land segments with
documentation for simular hydrologic characteristics
comprehensive list) Meteorology data Precipitation and temperature as minimum; temperature
lapse rate is optional if defaults are not good; solar
radiation, dew point, wind velocity, and cloud cover are
needed for energy-based snowmelt calculations
Constants KMELT and TBASE (parameters for degree-day

Vegetation parameters

Upper zone, lower zone
and baseflow parameters

Channel routing

Data processing
requirements

snowmelt method), maximum water content of

snowpack, snow albedo, ground heat snowmelt rate

Canopy interception capacity (monthly or constant), PET, lower
zone ET fraction, base flow ET fraction, Manning’s roughness
co-efficient for surface runoff, shaded fraction of land segment
(snowmelt calculations), fraction of land covered by forest
Upper zone storage, lower zone storage nominal, porosity,
infiltration index, infiltration exponent, infiltration ratio, length-
of-surface flow path, slope-of-surface flow path, surface retention
storage, upper zone storage nominal, interflow index, interflow
recession constant, variable groundwater recession, active
groundwater recession constant, fraction of groundwater to deep
aquifer or inactive storage, and active groundwater ET fraction
Length, width, depth and hydraulic properties of

each reach, hydraulic routing weighting factor

Limited data processing requirements except for climate

data; data processing is facilitated through GUI

Key model assumptions
or limitations

The model is mainly intended for water quality simulations (urban
and agricultural settings); simplified forest cover representation
as evidenced by Carnation Creek work (Eugene Hetherington)

Constraints Data requirements High
Level of expertise Professional to academic
Level of effort High
Model adaptability Forest regrowth capability ~ No
Complex stand No
characteristics
Forest mortality or fire risk  No

Alteration of land
cover details

Future climate data

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.11 HydroGeoSphere

Model name

HydroGeoSphere

Development group

University of Waterloo and Laval University

Model information URL www.science.uwaterloo.ca/~mclaren/
Manual Yes
Tutorial No; example files provided
Model support Limited; contact Rob McLaren (mclaren@uwaterloo.ca)
Model cost None (academic distribution and agreement)
Computing requirements Equipment PC, Unix
Software GIS, GridBuilder mesh generator (by Rob McLaren) for

Source code available

watershed scale models, TECPLOT for visualisation of output

Yes

Model type

Fully-distributed

Model scales

Input time step
Output time step
Grid size
Application scale

Planning scale

Variable and adaptive during simulation

Same as input; detailed output for pre-specified variables
Centimetres to hundreds of metres

Soil columns, research plots, watersheds to 1000 km?

Flexible

Model calibration method

Manual or external automated procedure

Hydrologic regimes simulated  Glacial No
Nival No
Pluvial Yes
Mixed No
Hydrologic processes Vegetation No

modelled

Rainfall interception
Snow accumulation
Snowmelt

Snow interception

Evapotranspiration

Infiltration

Overland flow

Subsurface hillslope runoff

Groundwater flow
Roads

Streamflow routing

Frozen soil

Lakes/wetlands

Maximum threshold for interception

No; off-line calculation of snow accumulation is required
Noj; snowmelt may be simulated as specified flux rate

No

Kristensen and Jensen (1975) method (AET estimated
from PET, LAI root zone parameters)

3D variably saturated subsurface hillslope runoff by Richard’s
equation (finite element or finite difference methods)

2D diffusion-wave equation

3D variably saturated subsurface hillslope runoff by Richard’s
equation (finite element or finite difference methods)

3D variably saturated subsurface hillslope runoff by Richard’s
equation (finite element or finite difference methods)

Can be incorporated based on land surface/subsurface properties

Internal computation based on model topography
(DEM) and hydraulic properties of land surface
(i.e., specified for known stream routes)

No

As boundary conditions or part of simulation
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TABLE A2.11 continued

Model name HydroGeoSphere
Model outputs Full hydrograph Yes
Annual yield Yes
Peak flow Yes
Low flow Yes
SWE No
Evapotranspiration Yes
Water balance Yes
Soil moisture Yes
Infiltration Yes
Water table Yes
Overland flow Yes
Subsurface hillslope runoff ~ Yes
Groundwater Yes
Road flow Yes
Watershed runoff Yes
Other Water quality
Key required inputs Map files DEM, geologic layering, vegetative cover
(may need t(? refer to Meteorology data Climate data pre-processed to generate rainfall
documentatllon for and PET data for use in model
comprehensive list)
Opverstorey vegetation LAL field capacity, wilting point, oxic and anoxic limits, interception
parameters value, root density function, root depth, three fitting parameters

Understorey vegetation
parameters

Soil parameters
(saturated zone)

Soil parameters
(unsaturated zone)

Channel routing

Data processing
requirements

Lumped with overstorey vegetation (i.e., one vegetation layer)

Hydraulic conductivity, specific storage, porosity, anisotropy ratio

Soil moisture curves (vanGenuchten functions, Brooks-
Corey functions, or tabulated relationships for capillary
pressure-moisture content and relative permeability)

Manning’s N, microtopography height, minimum mobile water depth

Climate data and PET must be calculated off-line; soil
layering and geologic features must be described for entire
model region and have corresponding XYZ data files

Key model assumptions
or limitations

No accounting for snow processes

Constraints Data requirements High; full-scale catchment models can be developed from
conceptualized knowledge of soil and geologic framework
Level of expertise High; model user needs to be knowlegable of both
hydrology, hydrogeology and numerical modelling
Level of effort High; considerable effort is needed to pre-process climate and
landscape data for inclusion in robust groundwater flow model
Model adaptability Forest regrowth capability ~ No

Complex stand
characteristics

Forest mortality or fire risk

Alteration of land
cover details

Future climate data

No

No
Yes

Yes; input can be adjusted for alternative scenarios
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TABLE A2.12 Integrated Hydrology Model (INnHM)

Model name

Integrated Hydrology Model (InHM)

Development group

University of Waterloo (initial development),
Stanford University (1998 to present)

Model information URL http://inhm.org/
Manual Noj; some instruction at http://68.183.67.101/
InHM/docs/GettingStarted.htm
Tutorial Noj; example files provided at http://68.183.67.101/InHM/
docs/examples/abdul.coupled.field/field.index.htm
Model support Limited; contact Joel VanderKwaak (joel@integratedhydrology.com)
Model cost None (licence agreement on website)
Computing requirements Equipment PC
Software TECPLOT; for visualisation of output
Source code available Yes
Model type Fully distributed
Model scales Input time step Variable and adaptive during simulation

Output time step
Grid size
Application scale

Planning scale

Same as input; detailed output for pre-specified variables
Centimetres to hundreds of metres
Soil columns and small research watersheds (few square km)

Flexible

Model calibration method

Manual or external automated procedure

Hydrologic regimes simulated  Glacial No
Nival No
Pluvial Yes
Mixed No
Hydrologic processes Vegetation No
modelled Rainfall interception No

Snow accumulation
Snowmelt
Snow interception

Evapotranspiration

Infiltration
Overland flow

Subsurface hillslope runoff
Groundwater flow
Roads

Streamflow routing

Frozen soil

Lakes/wetlands

No; off-line calculation of snow accumulation is required
No; snowmelt may be simulated as specified flux rate
No

No; ET rate may be defined as negative flux (scaled
based on computed moisture condition)

3D variably saturated Subsurface hillslope runoff
2D diffusion-wave equation

3D variably saturated subsurface hillslope
runoff (finite element method)

3D variably saturated subsurface hillslope
runoff (finite element method)

Can be incorporated based on land surface/subsurface properties

Internal computation based on model topography
(DEM) and hydraulic properties of land surface
(i.e., specified for known stream routes)

No

As boundary conditions or part of simulation
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TABLE A2.12 continued

Model name

Integrated Hydrology Model (InHM)

Model outputs Full hydrograph Yes

Annual yield Yes

Peak flow Yes

Low flow Yes

SWE No

Evapotranspiration No

Water balance No

Soil moisture Yes

Infiltration Yes

Water table Yes

Overland flow Yes

Subsurface hillslope runoff ~ Yes

Groundwater Yes

Road flow Yes

Watershed runoff Yes

Other Water quality; sediment erosion implemented

at the University of Stanford

Key required inputs Map files DEM, geologic layering, vegetative cover
fitljli]mn::l(tiatt?orrffgrto Meteorology data Off-line processing to generate specified rainfall and ET rates
comprehensive list) Overstorey vegetation None

parameters

Understorey vegetation None

parameters

Soil parameters
(saturated zone)

Soil parameters
(unsaturated zone)

Routing

Data processing
requirements

Hydraulic conductivity, specific storage, porosity, anisotropy ratio

Soil moisture curves (vanGenuchten functions, Brooks-
Corey functions, or tabulated relationships for capillary
pressure-moisture content and relative permeability)

Manning’s N, microtopography height,
minimum mobile water depth

Climate data and interaction with land cover (vegetation) must be
calculated off-line and input as specified flux across top of model
domain; soil layering and geologic features must be described

for entire model region and have corresponding XYZ data files

Key model assumptions

Assumptions about potential ET—actual ET

or limitations relationships; no accounting for snow processes
Constraints Data requirements High; full-scale catchment models can be developed from
conceptualized knowledge of soil and geologic framework
Level of expertise High; model user needs to be knowlegable of both
hydrology, hydrogeology and numerical modelling
Level of effort High; considerable effort is needed to pre-process climate and
landscape data for inclusion in robust groundwater flow model
Model adaptability Forest regrowth capability No

Complex stand
characteristics

Forest mortality or fire risk

Alteration of land
cover details

Future climate data

Yes; input can be adjusted for alternative scenarios
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TABLE A2.13 MIKE-SHE

Model name

MIKE-SHE

Development group

DHI Water & Environment (former Danish Hydraulic Institute)

Model information URL www.dhigroup.com/Software/WaterResourcess/ MIKESHE.aspx
Manual Yes
Tutorial Yes
Model support Yes; international support from
software@dhigroup.com; training courses
Model cost $12 000
Computing requirements Equipment PC
Software GIS (ArcView)
Source code available No

Model type

Fully-distributed

Model scales

Input time step

Output time step
Grid size
Application scale

Planning scale

Variable; time-series pre-processor included
for data management and input

User-specified
Centimetres to hundreds of metres; uniform grid size
Soil columns, research plots, watersheds

Flexible

Model calibration method

Manual or external automated procedure

Hydrologic regimes simulated  Glacial No

Nival Yes

Pluvial Yes

Mixed No

Hydrologic processes Vegetation No
modelled Rainfall interception Maximum threshold for interception

Snow accumulation Threshold dependent (user specified)

Snowmelt Degree-day method

Snow interception Same as rain

Evapotranspiration Kristensen and Jensen (1975) method (AET estimated
from PET, LAI, root zone parameters)

Infiltration 1D by Richards equation, simplified two-layer root zone model, or
gravity model; vertical unsaturated flow calculated for each model
grid cell or larger areas of common soil properties (grouped)

Overland flow 2D diffusion-wave equation

Subsurface hillslope runoff 3D saturated flow (finite difference method) for flow occuring below
the water table; fast and slow linear reservoirs as alternative approach

Groundwater flow 3D saturated flow (finite difference method)or linear
reservoir approach

Roads Can be incorporated based on land surface/subsurface properties

Streamflow routing Forced by stream network file generated by MIKE-11 module

Frozen soil No

Lakes/wetlands Yes

Model outputs Full hydrograph Yes

Annual yield Yes

Peak flow Yes

Low flow Yes

SWE Yes
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TABLE A2.13 continued

Model name MIKE-SHE
Mode outputs, cont. Evapotranspiration Yes
Water balance Yes
Soil moisture Yes
Infiltration Yes
Water table Yes
Overland flow Yes
Subsurface hillslope runoff ~ Yes
Groundwater Yes
Road flow No
Watershed runoff Yes
Other Water quality
Key required inputs Map files DEM, soil type, geologic layering, vegetative cover
gfzzgzzfai?ofgrto Meteorology data Temperature, precipitation, PET
comprehensive list) Constants rain/snow temperature thresholds, ground roughness
(Manning’s N, microtopography height)
Opverstorey vegetation LAL field capacity, wilting point, interception value,
parameters root zone depth, three fitting parameters

Understorey vegetation
parameters

Soil parameters
(saturated zone)

Soil parameters
(unsaturated zone)

Routing

Data processing
requirements

Lumped with overstorey vegetation (i.e., one vegetation layer)

Hydraulic conductivity, specific storage, porosity, anisotropy ratio

Built-in soil database with pedo-tranfer functions; user may
specify soil moisture curves (vanGenuchten functions, Brooks-
Corey functions, or tabulated relationships for capillary
pressure-moisture content and relative permeability)

Explicit connection to river/stream reaches when using linear
reservoir approach; runoff routed to rivers by 2D overland
flow; river flow calculated by MIKE-11 in parallel to MIKE-
SHE simulation (by Muskingum routing to the Higher Order
Dynamic Wave formulation of the Saint-Venant equations)

Most data requires GIS processing including maps (DEM, soil

types, vegetation, hydrogeology) and stream network (in GIS and
MIKE-11); time-series and map editors are included with MIKE-
SHE to help convert raw data to MIKE-SHE standardized format

Key model assumptions

Simplified representation of snowmelt

or limitations
Constraints Data requirements High; full-scale catchment models can be developed from
conceptualized knowledge of soil and geologic framework
Level of expertise High; model user needs to be knowlegable of
hydrology, hydrogeology, and GIS to be efficient
Level of effort High; GUI assists with model setup, but user must be able to
choose between different methods/approaches for each module
(overland flow, 1D unsaturated flow, 3D saturated flow)
Model adaptability Forest regrowth capability  No

Complex stand
characteristics

Forest mortality or fire risk

Alteration of land
cover details

Future climate data

No

No

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.14 MODHMS

Model name

MODHMS

Development group

HydroGeoLogic Software Systems

Model information URL www.hglsoftware.com/Modhms.cfm
Manual Yes
Tutorial Yes
Model support Yes; support from info@hglsoftware.com; training courses
Model cost Available for research purposes or by hiring
HGL under consulting contract
Computing requirements Equipment PC
Software GIS (ArcView)
Knowledge Average GIS skills for importing spatial data; model has GUI
Source code available No
Model type Fully distributed
Model scales Input time step Variable and adaptive during simulation

Output time step
Grid size
Application scale

Planning scale

Same as input; detailed output for pre-specified variables
Centimetres to hundreds of metres
Soil columns, research plots, watersheds

Flexible

Model calibration method

Manual or external automated procedure

Hydrologic regimes simulated  Glacial No
Nival No
Pluvial Yes
Mixed No
Hydrologic processes Vegetation No
modelled

Rainfall interception
Snow accumulation
Snowmelt

Snow interception

Evapotranspiration

Infiltration

Overland flow

Subsurface hillslope runoff

Groundwater flow

Roads

Streamflow routing

Frozen soil

Lakes/wetlands

Canopy interception threshold

No; off-line calculation of snow accumulation is required
Noj; snowmelt may be simulated as specified flux rate

No

Kristensen and Jensen (1975) method (AET estimated
from PET, LAI root zone parameters)

3D variably saturated Subsurface hillslope runoff by
Richards’ equation (finite difference method)

2D diffusion-wave equation

3D variably saturated Subsurface hillslope runoff by
Richards’ equation (finite difference method)

3D variably saturated Subsurface hillslope runoff by
Richards’ equation (finite difference method)

Can be incorporated based on land surface/subsurface properties

Forced by stream network linked to top of model domain;
channel flow is modelled as 1D diffusive-wave equation (model
accepts different channel shapes and control structures)

No
Yes
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TABLE A2.14 continued

Model name MODHMS
Model outputs Full hydrograph Yes
Annual yield Yes
Peak flow Yes
Low flow Yes
SWE Yes
Evapotranspiration Yes
Water balance Yes
Soil moisture Yes
Infiltration Yes
Water table Yes
Overland flow Yes
Subsurface hillslope runoff ~ Yes
Groundwater Yes
Road flow No
Watershed runoff Yes
Other Water quality
Key required inputs Map files DEM, soil type, geologic layering, vegetative cover
(may need to refer to Meteorology data Climate data pre-processed to generate rainfall

documentation for
comprehensive list)

Overstorey vegetation
parameters

Understorey vegetation
parameters

Soil parameters
(saturated zone)

Soil parameters
(unsaturated zone)

Routing

Data processing
requirements

and PET data for use in model

LAL field capacity, wilting point, oxic and anoxic limits, interception
value, root density function, root depth, 3 fitting parameters

Lumped with overstorey vegetation (i.e., one vegetation layer)

Hydraulic conductivity, specific storage, porosity, anisotropy ratio

Soil moisture curves (vanGenuchten functions, Brooks-
Corey functions, or tabulated relationships for capillary
pressure-moisture content and relative permeability)

Manning’s N, microtopography height,
minimum mobile water depth
Climate data and PET must be calculated off-line; soil

layering and geologic features must be described for entire
model region and have corresponding XYZ data files

Key model assumptions
or limitations

No representation of snowmelt

Constraints Data requirements High; full-scale catchment models can be developed from
conceptualized knowledge of soil and geologic framework
Level of expertise High; model user needs to be knowlegable of
hydrology, hydrogeology, and GIS to be efficient
Level of effort High
Model adaptability Forest regrowth capability =~ No
Complex stand No
characteristics
Forest mortality or fire risk ~ No

Alteration of land
cover details

Future climate data

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.15 Precipitation-Runoff-Evapotranspiration-Hydrotope model (PREVAH)

Model name

Precipitation-Runoff-Evapotranspiration-Hydrotope model
(PREVAH)

Development group

Eidgendossische Technische Hochschule (ETH); SDC
Swiss Flood Forecasting Assistance Project

Model information URL http://hydrant.unibe.ch/PREVAH/index.htm
Manual Yes
Tutorial Yes
Model support Limited; from developers (Dr. Massimiliano Zappa)
Model cost None
Computing requirements Equipment PC
Software GIS (Arclnfo)
GUI WinPREVAH
Source code available Yes

Model type Semi-distributed
Model scales Input time step Daily
Output time step Daily

Grid size

Application scale

Landscape units (HRUs)

Small to medium watersheds

Planning scale HRUs such as hillslopes
Model calibration method Calibration runs in WinPREVAH
Hydrologic regimes simulated  Glacial Yes
Nival Yes
Pluvial Yes
Mixed Yes
Hydrologic processes Vegetation Single layer
modelled Rainfall interception Fraction of rainfall
Snow accumulation Threshold temperature
Snowmelt combination of a temperature index and an energy balance approach
Snow interception Fraction of snowfall
Evapotranspiration Physically based
Infiltration Empirical
Overland flow Empirical
Subsurface hillslope runoff ~ Empirical
Groundwater flow Empirical (two stores)
Roads No
Streamflow routing Yes
Frozen soil No
Lakes/wetlands No
Model outputs Full hydrograph Yes
Annual yield Yes
Peak flow Yes
Low flow Yes
SWE Yes
Evapotranspiration Yes
Water balance Yes
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TABLE A2.15 continued

Model name

Precipitation-Runoff-Evapotranspiration-Hydrotope model
(PREVAH)

Model outputs, cont. Soil moisture Yes

Infiltration Yes

Water table Yes

Overland flow Yes

Subsurface hillslope runoff ~ Yes

Groundwater Yes

Road flow No

Watershed runoff Yes

Other Glacial melt; surface water control structures (dams, etcc)
Key required inputs Map files DEM, land classification, soil depth, and soil classes
fimay need t(_) r effer to Meteorology data Precipitation, air temperature, air humidity, global

ocumentatl.on ror radiation, relative sunshine duration, and wind speed

comprehensive list)

Constants Many constants depending on process representation

Overstorey vegetation Minimal stomatal resistances; root depth, LAI, vegetation density

parameters

Understorey vegetation
parameters

Soil parameters
(deep layers)

Soil parameters
(root zone layers)

Routing

Data processing
requirements

None

Hydraulic conductivity, field capacity

Hydraulic conductivity, field capacity, root depths

Slope, length, roughness, shape
High; GIS required

Key model assumptions
or limitations

Applied primarily in steeply sloped terrain

Constraints Data requirements High
Level of expertise Professional to academic
Level of effort High
Model adaptability Forest regrowth capability =~ No
Complex stand No
characteristics
Forest mortality or fire risk  No

Alteration of land
cover details

Future climate data

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios

136



TABLE A2.16 Precipitation Runoff Modelling System/Modular modelling system (PRMS/MMS)

Model name

Precipitation Runoff Modelling System/Modular modelling system
(PRMS/MMS)

Development group

USGS

Model information URL wwwhbrr.cr.usgs.gov/projects/SW_MoWS/
software/oui_and_mms_s/prms.shtml
Manual Yes
Tutorial Yes
Model support MoWS_Help@usgs.gov
Model cost Free
Computing requirements Equipment 550 Kilobytes (Kb) of available Random Access
Memory (RAM), math coprocessor, about 2Mb
of hard disk space, MSDOS 6.0 or greater.
Software Contact developer

Source code available

Yes (FORTRAN)

Model type Semi-distributed
Model scales Input time step Daily

Output time step Daily

Grid size N/A

Application scale

Planning scale

Small to large watersheds

Landscape units (GRUs) such as hillslopes

Model calibration method

Manual or external automated procedure

Hydrologic regimes simulated ~ Glacial No
Nival Yes
Pluvial Yes
Mixed Yes

Hydrologic processes Vegetation 1 layer

modelled Rainfall interception Yes

Snow accumulation
Snowmelt

Snow interception
Evapotranspiration
Infiltration

Overland flow

Subsurface hillslope runoff

Groundwater flow
Roads

Streamflow routing
Frozen soil

Lakes/wetlands

Temperature thresholds
Energy balance

Yes, but can only vaporize
Several methods available
Empirical

Empirical

Linear reservoir

Linear reservoir

No

Simplified methods used in continuous simulation option
No

No
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TABLE A2.16 continued

Precipitation Runoff Modelling System/Modular modelling system

Model name (PRMS/MMS)
Model outputs Full hydrograph Simplified channel routing
Annual yield Simplified channel routing
Peak flow Simplified channel routing
Low flow Simplified channel routing
SWE Yes
Evapotranspiration Yes
Water balance Yes
Soil moisture Yes
Infiltration Yes
Water table Yes
Overland flow Yes
Subsurface hillslope runoft ~ Yes
Groundwater Yes
Road flow No
Watershed runoff Yes
Other Sediment erosion
Key required inputs Map files Not specified
(may need t? refer to Meteorology data Daily precipitation, maximum and minimum air
documentatl.on f.or temperature, solar radiation, longwave radiation, lapse
comprehensive list) rate (for mountainous watersheds), pan evaporation
Overstorey vegetation Seasonal cover density, maximum interception storage
parameters depth on vegetation, winter cover density for the

Understorey vegetation
parameters

Soil parameters
(deep layers)

Soil parameters
(root zone layers)

Routing

Data processing
requirements

predominant vegetation above the snowpack

N/A

Hydraulic conductivity of the transmission zone

Effective value of the product of capillary drive and
moisture deficit at field capacity and wilting point

Depending on method

Numerical specification of terrain and drainage
network requires GIS data processing

Key model assumptions
or limitations

Snow accumulation and melt; problems noted with abrups cessation
snowmelt runoff from HRUs; simplified channel routing

Constraints Data requirements High
Level of expertise High
Level of effort High
Model adaptability Forest regrowth capability =~ No
Complex stand No
characteristics
Forest mortality or fire risk  No

Alteration of land
cover details

Future climate data

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.17 Regional Hydro-Ecologic Simulation System (RHESSys)

Model name

Regional Hydro-Ecologic Simulation System (RHESSys)

Development group

Christina Tague, University of California, Santa Barbara

Model information URL http://fiesta.bren.ucsb.edu/~rhessys/
Manual Yes
Tutorial Yes
Model support ctague@mail.sdsu.edu
Model cost Free
Computing requirements Equipment PC
Software GIS
Source code available Yes

Model type

Semi-distributed

Model scales

Input time step
Output time step
Grid size
Application scale

Planning scale

Daily

Daily, monthly, and yearly detailed output

Depends on DEM resolution and scale of application
Small to medium watersheds

Patch or hillslope (used for distributing climate forcings)

Model calibration method

Manual or external automated procedure

Hydrologic regimes simulated ~ Glacial No
Nival Yes
Pluvial Yes
Mixed Yes
Hydrologic processes Vegetation Multiple layers
modelled Rainfall interception Yes
Snow accumulation Temperature thresholds
Snowmelt Adaptation of degree-day method to include radiation and ROS
Snow interception Yes
Evapotranspiration Penman-Montheith
Infiltration Darcy’s Law accounting for soil moisture level
Overland flow Empirical with flow velocity dependent on grid size and time step
Subsurface hillslope runoff ~ Pixel-by-pixel routing based on topographic gradient;
water mass balance and Darcy’s Law
Groundwater flow Empiral store
Roads Can be incorporated but not required
Streamflow routing Can be internal (DEM-calculated using GIS), forced
(stream network file) or unit hydrograph
Frozen soil No
Lakes/wetlands No
Model outputs Full hydrograph Yes
Annual yield Yes
Peak flow Yes
Low flow Yes
SWE Yes
Evapotranspiration Yes
Water balance Yes
Soil moisture Yes
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TABLE A2.17 continued

Model name Regional Hydro-Ecologic Simulation System (RHESSys)
Model outputs, cont. Infiltration Yes

Water table Yes

Overland flow Yes

Subsurface hillslope runoff  Yes

Groundwater Yes
Road flow Yes
Watershed runoff Yes
Other Nutrient fluxes
Key required inputs Map files DEM, hillslope, soil types, LAL slope, aspect, impervious, land use,
(may need to refer to vegetation
documentation for
comprehensive list) Meteorology data Daily precipitation, daily maximum and minimum

temperatures; can also download data from NCDC

Opverstorey vegetation Fractional coverage, trunk space, height, LAI, albedo, aerodynamic
parameters attenuation, radiation attenuation, clumping factor, maximum
snow interception capacity, maximum release drip ratio,
snow interception efficiency, stomatal resistance (min/max),
moisture threshold, vapor pressure deficit, RPC, number of
root zones, root zone depths, root fractions in each zone

Understorey vegetation LAI, albedo, root fractions in each zone

parameters

Soil parameters Lateral conductivity and exponential decrease, porosity

(deep layers)

Soil parameters Surface albedo, vertical conductivity, porosity, maximum infiltration,
(root zone layers) pore size distribution, bubbling pressure, field capacity, wilting

point, bulk density, thermal conductivity, thermal capacity

Routing Stream network file, stream map file, stream class file, road network
file, road map file, road class file, unit hydrograph, and travel
time files (last two files replace need for all preceding files)

Data processing Most data requires GIS processing including maps
requirements (topography, soil type and depth, vegetation) and streamflow
routing and roads; climate data typically also needs to
be processed to address data gaps and quality

Key model assumptions None
or limitations

Constraints Data requirements Data requirements are high compared to typical data availability;
most physical parameters can be based on literature values

Level of expertise Senior professional to academic level; model user needs to be
knowlegable in physical hydrology, computer modelling, and GIS

Level of effort High; considerable GIS and data processing required

Model adaptability Forest regrowth capability ~ Yes
Complex stand No; mixed stands are represented through average parameters
characteristics

Forest mortality or fire risk  Both under development; can currently be forced as input

Alteration of land Yes; temporal control file
cover details

Future climate data Yes; input can be adjusted for alternative scenarios
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TABLE A2.18 Streamflow Synthesis and Reservoir Regulation (SSARR)

Model name

Streamflow Synthesis and Reservoir Regulation (SSARR)

Development group

US Army Corps of Engineers, North Pacific Region

Model information URL www.nwd-wec.usace.army.mil/report/ssarr.htm
Manual Yes
Tutorial No
Model support No
Model cost None

Computing requirements Equipment IBM-compatible personal computers
Software None

Source code available

No model development as of 1991

Model type Semi-distributed
Model scales Input time step Sub-daily
Output time step Sub-daily
Grid size N/A

Application scale

Planning scale

Medium to large watersheds

Elevation bands

Model calibration method

Manual method or external automated procudure

Hydrologic regimes simulated  Glacial No

Nival Yes

Pluvial Yes

Mixed Yes
Hydrologic processes Vegetation Single layer
modelled Rainfall interception Yes

Snow accumulation

Snowmelt

Snow interception
Evapotranspiration
Infiltration

Overland flow

Subsurface hillslope runoff

Groundwater flow
Roads

Streamflow routing
Frozen soil

Lakes/wetlands

Temperature-threshold dependent

Temperature-index method; distributed based on
elevation bands with correction for precipitation

Yes

Empirical; Thornthwaite formula

Empirical; soil moisture index

No

Empirical (direct runoff reservoir)

Empirical (baseflow reservoir)

No

Yes, including reservoir operations and water use
No

lakes
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TABLE A2.18 continued

Model name

Streamflow Synthesis and Reservoir Regulation (SSARR)

Model outputs Full hydrograph Yes

Annual yield Yes

Peak flow Yes

Low flow Yes

SWE Yes

Evapotranspiration Yes

Water balance Yes

Soil moisture Yes

Infiltration Yes

Water table No

Overland flow Yes

Subsurface hillslope runoff ~ Yes

Groundwater Yes

Road flow No

Watershed runoff Yes

Other Lakes, reservoir operation, streamflow forecasting
Key required inputs Map files Not specified
EII::Z r;l:re:tiat:i’or;ffe:rto Meteorology data Temperature and precipitation
comprehensive list) Overstorey vegetation PET values, ET indices, interception capacity

parameters

Understorey vegetation
parameters

Soil parameters
(deep layers)

Soil parameters
(root zone layers)

Routing

Data processing
requirements

N/A
Infiltration index (baseflow reservoir), time of storage index
Soil moisture ET/runoff indices, surface-subsurface separation

Depends on complexity of modelling

High, depending on reservoir operations complexity

Key model assumptions

Predominantly a flow forecasting and reservoir operation

or limitations model; empirical representation of watershed processes
Constraints Data requirements High

Level of expertise Professional to academic

Level of effort High
Model adaptability Forest regrowth capability ~ No

Complex stand No

characteristics

Forest mortality or fire risk ~ No

Alteration of land
cover details

Future climate data

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.19 Soil and Water Assessment Tool (SWAT)

Model name

Soil and Water Assessment Tool (SWAT)

Development group

Jeff Arnold (USDA Agriculture Research Service)

Model information URL www.brc.tamus.edu/swat/index.html
Manual Yes
Tutorial Yes, online help and paid workshops
Model support Nancy Sammons (nsammons@spa.ars.usda.gov),
Jeff Arnold (jgarnold@spa.ars.usda.gov)
Model cost Free
Computing requirements Equipment PC or Unix workstation
Software Contact developer

Source code available

Yes (FORTRAN)

Model type Semi-distributed
Model scales Input time step Daily, continuous for 1 to100 years
Output time step Detailed output (spatial variables) at user specified times
Grid size tens of metres
Application scale Small to large watersheds
Planning scale Hydrologic Response Unit (HRU) landscape units
Model calibration Internal automated procedure
method
Hydrologic regimes Glacial No
simulated Nival Yes
Pluvial Yes
Mixed No
Hydrologic processes Vegetation Single layer
modelled Rainfall interception Yes

Snow accumulation

Snowmelt

Snow interception
Evapotranspiration
Infiltration

Overland flow

Subsurface hillslope runoff
Groundwater flow

Roads

Streamflow routing

Frozen soil

Lakes/wetlands

Rain/snow temperature thresholds

Yes; controlled by air and snowpack temperature, the
melting rate and the areal coverage of snow

No

Several methods

Simplified as precipitation minus runoff
SCS curve number is generated
Reservoir

Reservoir

No

Flow is routed through the channel using a variable
storage coefficient method developed by Williams
(1969) or the Muskingum routing method

No
Lakes
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TABLE A2.19 continued

Model name

Soil and Water Assessment Tool (SWAT)

Model outputs Full hydrograph Yes

Annual yield Yes

Peak flow Yes

Low flow Yes

SWE Yes

Evapotranspiration Yes

Water balance Yes

Soil moisture Yes

Infiltration Yes

Water table Yes

Overland flow Yes

Subsurface hillslope runoff ~ Yes

Groundwater Yes

Road flow No

Watershed runoff Yes

Other Sediment erosion, nutrient fluxes, water quality
Key required inputs Map files DEM, landuse/land cover
(may need t(? refer to Meteorology data Daily precipitation, maximum/minimum air temperature,
documentat{on f-or solar raditation, wind speed and relative humidity; can be
comprehensive list) from observed data records or generated during simulation

Overstorey vegetation LAI, canopy height, root depth, stomatal

parameters conductances, nitrogen uptake parameters

Understorey vegetation
parameters

Soil parameters
(deep layers)

Soil parameters (root
zone layers)

Routing

Data processing
requirements

N/A

Deep aquifer percolation fraction, specific yield, groundwater
delay time, recharge delay time, baseflow recession constant

Soil hydrologic group, root depth, water capacity,
hydraulic conductivity, percent sand/silt/clay, texture

Users are required to define the width and depth of the
channel when filled to the top of the bank as well as
the channel length, side slope, and Manning’s N

Most data requires GIS processing including maps (topography,
soil type and depth, vegetation) and streamflow routing;
climate data typically also needs to be processed

Key model assumptions
or limitations

Empirical snowmelt and ET, SCS Curve Number runoff method

Constraints Data requirements High
Level of expertise High
Level of effort High
Model adaptability Forest regrowth capability ~ Yes (crop regrowth)
Complex stand No
characteristics
Forest mortality or fire risk ~ No

Alteration of land
cover details

Future climate data

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.20 UBC-UF Peak Flow Model

Model name

UBC-UF Peak Flow Model

Development group

University of British Columbia, University of Freiburg

Model information URL None yet
Manual Yes
Tutorial No
Model support No
Model cost None (IDL software will need to be purchased)
Computing requirements Equipment PC workstation with a minimum of 512Mb RAM
Software SAGA, R, IDL
Model type Fully-distributed
Model scales Input time step Daily

Output time step
Grid size

Application scale

Planning scale

Same as input

10s to 100s of metres (currently working with
25 and 400 m spatial resolution)

meso- to macroscale

Impact scale due to land cover changes or forest
management can be as small as 1 ha

Model calibration method

The model is designed to simulate ungauged basins; however, the
model could also be calibrated; current development to interface
the model with parameter estimation and uncertainty software

Hydrologic regimes simulated  Glacial No
Nival Yes
Pluvial Yes
Mixed No
Hydrologic processes Vegetation Pine coverage, general land cover types (no

modelled distinction in overstorey and understorey)

Rainfall interception Canopy rainfall interception factor

Snow accumulation Rain/snow temperature thresholds

Snowmelt Rain/snow temperature thresholds, degree-day model

Snow interception Currently under development

Evapotranspiration Factor reduction for forest, grassland, and clearcut

Infiltration Only indirectly included by application of runoff factors

Overland flow Mapping of areas on which dominantly Hortonian
overland flow occurs using land cover characteristics
(roads, burned areas) and connectivity to the stream

Saturation overland flow Mapping of areas on which dominantly saturation overland
flow occurs using vertical distance to open water and
topographic index; validated in several watersheds in BC

Subsurface hillslope runoff ~ Mapping of areas on which dominantly subsurface runoff occurs
using overland flow distance and gradient to the stream

Groundwater flow No representation of groundwater flow

Roads Can be incorporated into the delineation of the dominant
runoff processes (Hortonian Overland Flow)

Streamflow routing Currently under development

Frozen soil No

Lakes/wetlands No

Model outputs Full hydrograph Yes

Annual yield Yes

Peak flow Yes

Low flow No; another model being developed for this

SWE Yes

Evapotranspiration Yes

Water balance Yes
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TABLE A2.20 continued

Model name

UBC-UF Peak Flow Model

Model outputs, cont. Soil moisture No

Infiltration No

Water table No

Overland flow Yes

Subsurface hillslope runoff ~ Yes

Groundwater No

Road flow As Hortonian overland flow areas

Watershed runoff Yes

Other None
Key required inputs Map files DEM, vegetation types, disturbances (MPB, clearcut),
(may need to refer to hydrology (streams, river network), roads
documentation for Meteorology data Temperature, precipitation
comprehensive list) Constants Rain/snow temperature thresholds, degree-day factor, interception

Vegetation parameters

Understorey vegetation
parameters

Soil parameters

(deep layers)

Soil parameters

(root zone layers)
Routing

Data processing
requirements

factors, runoff factors, snowmelt factors, flow velocity parameters
Pine coverage, general land cover types (no

distinction in overstorey and understorey)

No

No
No

Stream network file, travel time files

Most data requires GIS processing (precipitation, climate,
topography, land cover, streamflow routing); climate data
typically also needs to be processed to address data gaps and
quality; a database of BC containing data (DEM, climate,
forest cover, pine cover (%), dominant runoff process
(DRP), MPB (infestation at 400 m will be provided)

Key model assumptions
or limitations

For use in BC and focused on peak flows (model has
additional claimed output capabilities as per above list)

Constraints Data requirements Data requirements are medium compared to typical
data availability (about 15 parameters); database
at 400 m spatial resolution will be available
Level of expertise Professional to academic level; model user needs to
be knowlegable in physical hydrology and GIS
Level of effort Medium; knowledge of GIS and basic
hydrological knowledge is required
Model adaptability Forest regrowth capability ~ No; dynamic vegetation module is included; changes in vegetation

Complex stand
characteristics

Forest mortality or fire risk

Alteration of land
cover details

Future climate data

cover can be reflected by manipulating the input data

No; within a single pixel mixed stands would be represented
through average parameters (interception factor)

Yes; under current development to interface the model
with parameter estimation and uncertainty software

Yes; model inputs can be adapted as data becomes available

Yes
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TABLE A2.21 University of British Columbia Watershed Model (UBCWM)

Model name

University of British Columbia Watershed Model (UBCWM)

Development group

University of British Columbia

Model information URL None
Manual Yes; Quick (1995)
Tutorial Not known
Model support Limited
Model cost None
Computing requirements Equipment PC
Software None
Source code available Yes

Model type Semi-distributed
Model scales Input time step Daily
Output time step Hourly or daily
Grid size Model is divided into elevation bands
Application scale Small to large watersheds
Planning scale Elevation bands
Model calibration method Manual or external automated procedure
Hydrologic regimes simulated  Glacial Yes
Nival Yes
Pluvial Yes
Mixed Yes
Hydrologic processes Vegetation Canopy treated as single layer for each elevation band

modelled

Rainfall interception
Snow accumulation
Snowmelt

Snow interception
Evapotranspiration
Infiltration

Overland flow

Subsurface hillslope runoff

Groundwater flow

Roads
Streamflow routing
Frozen soil

Lakes/wetlands

Yes

Elevation and temperature dependent

Energy balance method based on daily temperature range
Yes

Empirical

Yes

Linear reservoir method, dependent on soil moisture,
treated as “fast” flow to watershed outlet

Linear reservoir method, dependent on soil moisture,
treated as “interflow” to watershed outlet

Linear reservoir method, dependent on soil moisture, treated

as either “slow” or “very slow” flow to watershed outlet
No

Yes

No

Lakes
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TABLE A2.21 continued

Model name

University of British Columbia Watershed Model (UBCWM)

Model outputs Full hydrograph Yes

Annual yield Yes

Peak flow Yes

Low flow Yes

SWE Yes

Evapotranspiration Yes

Water balance Yes

Soil moisture Yes

Infiltration Yes

Water table No

Overland flow Yes

Subsurface hillslope runoff ~ Yes

Groundwater Yes

Road flow No

Watershed runoff Yes

Other Glacial melt
Key required inputs Map files DEM, land classification (forest, open, lake, glacier)
EII::Z r;l::tiat:i’or;ffe:rto Meteorology data Daily p.recipitation, daily mean temperature, daily PET,
comprehensive list) correction factors for elevation and gauge errors

Overstorey vegetation Crown closure

parameters

Understorey vegetation
parameters

Soil parameters
(deep layers)

Soil parameters
(root zone layers)

Routing

Data processing
requirements

None

Empiriral reservoir parameters

Field capacity, lower limit for ET

Linear reservoir parameters

Medium

Key model assumptions

Use of elevation bands and simplified forest cover representation

or limitations
Constraints Data requirements Medium
Level of expertise High
Level of effort Medium
Model adaptability Forest regrowth capability = UBCWM has been linked with TIPSY, a growth and yield

Complex stand
characteristics

Forest mortality or fire risk

Alteration of land
cover details

Future climate data

program developed by MoF that provides electronic access
to the managed stand yield tables generated by TASS (Tree
and Stand Simulator) and SYLVER (Silvicultural treatments
on Yield, Lumber Value, and Economic Return)

No

No

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.22 Wasserhaushalts-Simulations-Modell (WaSiM-ETH)

Model name

Wasserhaushalts-Simulations-Modell (WaSiM-ETH)

Development group

Eidgenossische Technische Hochschule (ETH)

Model information URL www.wasim.ch/en/index.html
Manual Yes (in English)
Tutorial Yes
Model support Limited; from developers
Model cost None
Computing requirements Equipment PC
Software GIS (Arclnfo)
Source code available Yes
Model type Fully distributed
Model scales Input time step Sub-daily
Output time step Sub-daily

Grid size
Application scale

Planning scale

From cm to several km
Small to large watersheds

Flexible

Model calibration method

Manual or external automated procedure

Hydrologic regimes simulated ~ Glacial Yes
Nival Yes
Pluvial Yes
Mixed Yes
Hydrologic processes Vegetation Layered vegetation

modelled

Rainfall interception
Snow accumulation

Snowmelt

Snow interception
Evapotranspiration
Infiltration

Overland flow

Subsurface hillslope runoff
Groundwater flow

Roads

Streamflow routing

Frozen soil

Lakes/wetlands

Fraction of rainfall
Threshold temperature

Combination of a temperature index and
an energy balance approach

Fraction of snowfall
Physically based
TOPMODEL or 3D richards
Yes

TOPMODEL or 3D richards
Reservoir or 3D Richards
No

Yes

No

Lakes
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TABLE A2.22 continued

Model name

Wasserhaushalts-Simulations-Modell (WaSiM-ETH)

Model outputs Full hydrograph Yes

Annual yield Yes

Peak flow Yes

Low flow Yes

SWE Yes

Evapotranspiration Yes

Water balance Yes

Soil moisture Yes

Infiltration Yes

Water table Yes

Overland flow Yes

Subsurface hillslope runoff ~ Yes

Groundwater Yes

Road flow No

Watershed runoff Yes

Other Lakes, glacial melt, surface water control

structures (dams, etc), water quality

Key required inputs Map files DEM, land classification, soil depth, and soil classes
EiI::Z ;zifai?otigrto Meteorology data Pre'cipitation, a'ir temper-ature, air. humidity,-global
comprehensive list) radiation, relative sunshine duration, and wind speed

Constants Many constants depending on process representation

Overstorey vegetation Minimal stomata resistances, root depth, LAI, vegetation density

parameters

Understorey vegetation
parameters

Soil parameters
(deep layers)

Soil parameters (root
zone layers)

None

Method dependent

Method dependent

Routing Slope, length, roughness, shape
Data processing High; GIS required
requirements

Key model assumptions None

or limitations

Constraints Data requirements High
Level of expertise Professional to academic
Level of effort High

Model adaptability Forest regrowth capability =~ No
Complex stand No
characteristics
Forest mortality or fire risk ~ No

Alteration of land
cover details

Future climate data

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.23 Water Balance Model for BC (based on QUALHYMO model)

Model name

Water Balance Model for BC (based on QUALHYMO model)

Development group

The British Columbia Inter-Governmental Partnership (BCIGP)

Model information URL http://bc.waterbalance.ca/
Manual Yes; set of articles on website
Tutorial No
Model support Yes; outreach@waterbalance.ca
Model cost Free 30-day trial account (registration required);
full version costs $1000 annually
Computing requirements Equipment PC, Apple, or Unix workstation with a minimum of 512Mb RAM
Software Flash Player
Knowledge Limited - very user friendly
Source code available Not known
Model type Black box (lumped)
Model scales Input time step Sub-daily
Output time step Same
Grid size N/A
Application scale Small sites to small/medium watersheds
Planning scale Urban sites
Model calibration method Not applicable
Hydrologic regimes simulated  Glacial No
Nival Yes
Pluvial Yes
Mixed Not known
Hydrologic processes Vegetation Not known
modelled Rainfall interception Not known
Snow accumulation Not known
Snowmelt Yes
Snow interception Not known
Evapotranspiration Yes
Infiltration Yes

Overland flow

Subsurface hillslope runoff

Groundwater flow
Roads

Streamflow routing
Frozen soil

Lakes/wetlands

SCS runoff curves
Yes

Conceptual store
As impervious areas
No

No

No
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TABLE A2.23 continued

Model name

Water Balance Model for BC (based on QUALHYMO model)

Model outputs Full hydrograph No
Annual yield No
Peak flow No
Low flow No
SWE No
Evapotranspiration No
Water balance Model computes site water balances
Soil moisture No
Infiltration Yes
Water table No
Overland flow Yes
Subsurface hillslope runoff ~ Yes
Groundwater Yes
Road flow No
Watershed runoff Site runoff
Other None
Key required inputs Map files None
f;:::zf;l:rejatg;:tgrto Meteorology data User selftcts climate data (Parameters unknown)
comprehensive lst) from a list of weather stations
Constants Retardance roughness, rational coefficient
Overstorey vegetation None
parameters
Understorey vegetation None
parameters
Soil parameters None

(deep layers)

Soil parameters
(root zone layers)

Routing

Data processing
requirements

Native soil type, coverage area and depth, percent composition
of clay and sand, (model then assigns hydraulic conductivity,
maximum water content, field capacity, and wilting point),
land use, and surface conditions (% impervious)

None

Minimal, if any, data processing requirements

Key model assumptions
or limitations

Urban stormwater runoff model

Constraints Data requirements Fairly minimal, but also limits accuracy of results
Level of expertise Low; user friendly interface, and guidance for
each input; no expert knowledge of hydrology or
previous modelling experience is necessary
Level of effort Very low; initial runs can be completed in minutes
Model adaptability Forest regrowth capability =~ No

Complex stand
characteristics

Forest mortality or fire risk

Alteration of land
cover details

Future climate data

No

No

Yes; model inputs can be adapted to reflect urban landscape

No

152



TABLE A2.24 Variable Infiltration Capacity (VIC) model

Model name

Variable Infiltration Capacity (VIC) model

Development group

University of Washington

Model information URL www.hydro.washington.edu/Lettenmaier/Models/VIC/
Manual Limited (web pages)
Tutorial No
Model support Limited support available by special arrangement (vicadmin@
hydro.washington.edu; VIC user support list server)
Model cost None (GIS software will need to be purchased)
Computing requirements Equipment UNIX, freebsd, Linux, and DOS operating systems
Software GIS (Arclnfo), Gnu C-compiler (freeware)

Source code available

Yes

Model type Macroscale model with statistical representation of
subgrid variability (snow elevation bands; fractional
coverage of soil and vegetation types)

Model scales Input time step Sub-daily

Output time step Same as input; detailed output (spatial
variables) at user specified times
Grid size 1/8 to 2 degrees (~10 to 200 km)
Application scale Medium to large watersheds to global scale
Planning scale 25 km? or greater
Model calibration method Manual or external automated procedure
Hydrologic regimes simulated ~ Glacial No
Nival Yes
Pluvial Yes
Mixed Yes

Hydrologic processes Vegetation Opverstorey (trees) and understorey

modelled Rainfall interception canopy interception of rainfall, evaporation of
intercepted water, and transpiration

Snow accumulation Rain/snow temperature thresholds

Snowmelt Snow accumulation and melt using an energy
balance approach for a two-layer model

Snow interception Canopy interception of snowfall, accumulation of
intercepted snow and rain, and loss of accumulated
snow due to melting and blowing

Evapotranspiration Energy-based calculations for vegetation and soil

Infiltration Conceptual (variable infiltration curves)

Overland flow Not simulated

Subsurface hillslope runoff The upper soil layer is designed to represent dynamic
response to rainfall/snowmelt events (surface runoff),
while the lower layer is used to simulate seasonal soil
moisture behaviour (ARNO baseflow model)

Groundwater flow (aquifers) ~ Not simulated

Roads Not simulated

Streamflow routing Runoff and baseflow are routed to edge of grid cell and
subsequently routed through stream network to outlet

Frozen soil Yes

Lakes/wetlands Yes

Model outputs Full hydrograph Yes

Annual yield Yes

Peak flow Yes

Low flow Yes

SWE Yes

Evapotranspiration Yes

Water balance Yes

Soil moisture Yes
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TABLE A2.24 continued

Model name

Variable Infiltration Capacity (VIC) model

Model outputs, cont. Infiltration Yes
Water table Yes
Overland flow Yes
Subsurface hillslope runoff Yes
Groundwater No
Road flow No
Watershed runoff Yes
Other None
Key required inputs Map files DEM, land cover, soil type
(may need to refer to Meteorology data At a minimum temperature and precipitation at model
documentation for input time step; additional meteorological data (atmospheric
comprehensive list) density and pressure, shortwave radiation, vapor pressure,
wind speed) can also be specified as model input;
alternatively they are calculated internally in model
Constants Height for wind speed data, height for humidity data, rain/

Vegetation parameters

Soil parameters

Routing

Total number of
different inputs

Data processing requirements

snow temperature thresholds, minimum observable wind
speed; fraction of grid cell that receives precipitation (sub-
grid precipitation variability), snowpack roughness

Number of vegetation types in grid cell, fraction of grid

cell covered by vegetation type, number of root zones, root
zone thicknesses, root fraction in each zone, LAI (one per
month), flag for overstorey present, architectural resistance,
minimum stomatal resistance, shortwave albedo, roughness
length, displacement height, shortwave radiation ET threshold,
radiation attenuation factor, wind attenuation, trunk ratio
Variable infiltation curve parameter, maximum velocity of baseflow,
fraction of maximum velocity where non-linear baseflow begins,
fraction of maximum soil moisture where non-linear baseflow
occurs, baseflow exponent, saturated hydraulic conductivity,
exponent for variation of conductivity with soil moisture, soil
moisture diffusion parameter, initial moisture content, average
soil temperature, soil thermal damping depth, bulk density, field
capacity, wilting point, residual moisture content, soil roughness
Flow direction file, flow velocity file, flow diffusion

file; grid cell contributing fraction

47

Most data requires GIS processing including maps
(topography, soil type and depth, vegetation) and
streamflow routing and roads; climate data typically also
needs to be processed to address data gaps and quality

Key model assumptions
or limitations

Macroscale model not applicable to typical
forest management situations

Constraints Data requirements VIC data requirements are high compared to
typical data availability; most physical parameters
can be based on literature values
Level of expertise Senior professional to academic level; model user needs
to be knowlegable in physical hydrology and GIS
Level of effort High; considerable GIS and meteorological
data processing required
Model adaptability Forest regrowth capability Noj; however, VIC input can be manipulated to

Complex stand characteristics

Forest mortality or fire risk

Alteration of land
cover details

Future climate data

reflect input from forest growth models

No; mixed stands would be represented
through average parameters

No

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.25 WATFLOOD

Model name

WATFLOOD

Development group

University of Waterloo

Model information URL www.civil.uwaterloo.ca/Watflood/intro/intro.htm
Manual Yes; www.civil.uwaterloo.ca/Watflood/Manual/manualstart.htm
Tutorial Noj; example data available
Model support Limited
Model cost $2 000
Computing requirements Equipment PC
Software Excel or Grapher for output; additional support programs from

Source code available

WATFLOOD developers for data preparation and output preparation
No

Model type Semi-distributed
Model scales Input time step Hours
Output time step Hours

Grid size

Application scale

Planning scale

Kilometre scale; grid has many GRUs of common properties,
which are summed for more efficient computation

20 to 2 million km?
GRUs such as hillslopes

Model calibration method

Manual or external automated procedure

Hydrologic regimes simulated ~ Glacial No

Nival Yes

Pluvial Yes

Mixed No
Hydrologic processes Vegetation Single layer

modelled

Rainfall interception

Snow accumulation

Snowmelt
Snow interception

Evapotranspiration

Infiltration

Overland flow

Subsurface hillslope runoff

Groundwater flow

Roads
Streamflow routing
Frozen soil

Lakes/wetlands

Maximum threshold for interception; scaled as a function of PET

Depth depends on percent of snow-covered
area, variable for different land classes

Temperature-index and radiation-temperature algorithms
No

PET by Priestly-Taylor or Hargreaves methods,
AET estimated from PET reduction

Philip formula (based on Green and Ampt approach)

Infiltration excess, depression storage, and
Manning equation for channel flow

Interflow (upper zone storage) by storage-discharge relation

No; drainage to lower zone is calculated, but groundwater flow is not
simulated explicitly, and baseflow is calculated by power function

No
Storage routing technique for simplified channel cross-sections
No
Yes
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TABLE A2.25 continued

Model name WATFLOOD
Model outputs Full hydrograph Yes
Annual yield Yes
Peak flow Yes
Low flow Yes
SWE Yes
Evapotranspiration Yes
Water balance Yes
Soil moisture Yes
Infiltration Yes
Water table No
Overland flow Yes
Subsurface hillslope runoff ~ Yes
Groundwater Yes
Road flow No
Watershed runoff Yes
Other None
Key required inputs Map files DEM
i?gg:;;i;?a;sz;or Meteorology data Temperature, rain/snow gauge data (or radar data), radiation data
comprehensive list) Overstorey vegetation Forest vegetation coefficient for PET-AET reduction (tall
parameters versus short vegetation), interception fractions

Understorey vegetation
parameters

Soil parameters
(saturated zone)

Soil parameters
(unsaturated zone)

Routing

Data processing
requirements

Lumped with overstorey vegetation (i.e., one vegetation layer)

Empirical parameters

Soil moisture and temperature coefficients for PET-AET
reduction, depth and resistance of interflow layer

Channel roughness, bankfull versus drainage table

Model can be run with Green-Kenue GUI

Key model assumptions
or limitations

Simplified snowmelt calculations; more rigorous routines
have not been incorporated as “this would significantly
complicate the model and require considerably more
detailed information about the spatial variations of terrain,
aspect, vegetation cover and meteorologic conditions”

Constraints Data requirements High
Level of expertise High
Level of effort High
Model adaptability Forest regrowth capability =~ No
Complex stand No
characteristics
Forest mortality or fire risk ~ No

Alteration of land
cover details

Future climate data

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.26 Water Erosion Protection Project (WEPP)

Model name

Water Erosion Protection Project (WEPP)

Development group

USDA Agricultural Research Service (ARS),
Soil Conservation Service (SCS)

Model information URL www.ars.usda.gov/Research/docs.htm?docid=10621
Manual Yes
Tutorial Yes
Model support wepp@ecn.purdue.edu
Model cost Free

Computing requirements Equipment IBM/compatible personal computers running under

MS-DOS 5.0+ operating system environments

Software Cligen, ver 4.3, GIS (ArcInfo)

Source code available

Contact developer

Model type Semi-distributed
Model scales Input time step Daily

Output time step Same

Grid size Hillslope

Application scale

Planning scale

Small or large watersheds

Hillslope

Model calibration method

Manual or external automated procedure

Hydrologic regimes simulated ~ Glacial No

Nival Yes

Pluvial Yes

Mixed Yes
Hydrologic processes Vegetation Single layer
modelled Rainfall interception Yes

Snow accumulation

Snowmelt

Snow interception
Evapotranspiration
Infiltration

Overland flow

Subsurface hillslope runoff

Groundwater flow
Roads

Streamflow routing
Frozen soil

Lakes/wetlands

Estimates snow on the ground on hourly or daily basis

Energy budget incorporating air temperature, solar
radiation, vapour transfer, and precipitation

Same as rainfall (no distinction made)
Yes; simplified (Ritchie eqn)
Green and Ampt equation

Broad sheet flow is assumed for overland flow using two sets of
regression equations, one for peak runoff rate and one
for runoff duration

Algorithm based on DRAINMOD, effect of water
table fluctuations on runoff and erosion is simulated

No

Stand-alone representation of roads for erosion calculations only
Simplified methods

No

No

157


http://www.ars.usda.gov/Research/docs.htm?docid=10621
mailto:wepp@ecn.purdue.edu

TABLE A2.26 continued

Model name

Water Erosion Protection Project (WEPP)

Model outputs Full hydrograph Simplified channel routing
Annual yield Simplified channel routing
Peak flow Simplified channel routing
Low flow Simplified channel routing
SWE Yes
Evapotranspiration Yes
Water balance Yes
Soil moisture Yes
Infiltration Yes
Water table Yes
Overland flow Yes
Subsurface hillslope runoff  Yes
Groundwater No
Road flow No
Watershed runoff Yes
Other Sediment erosion
Key required inputs Map files DEM, vegetation types, soil types
(may need t(_) refer to Meteorology data Daily data for: precipitation amount, duration, time to peak rainfall,
documentatl.on f'or peak rainfall, temperature (maximum, minimum, and dew point),
comprehensive list) temperatures, solar radiation, average wind speed and direction
Overstorey vegetation Type of vegetation (crop or range), plant growth parameters,
parameters tillage sequences and effects on soil surface and residue,

Understorey vegetation
parameters

Soil parameters
(deep layers)

Soil parameters
(root zone layers)

Routing

Data processing
requirements

dates of harvesting or grazing; if necessary, description of
irrigation, weed control, burning and contouring

Lumped with overstorey

(For up to 10 layers) thickness, initial bulk density, initial hydraulic
conductivity, field capacity, wilting point, cation exchange capacity,
and contents of: sand, clay, organic matter, and rock fragments

Surface Albedo, initial saturation, interrill and
rill erodibility, and critical shear

Yes
High

Key model assumptions
or limitations

Predominantly set up as hillslope model with limited watershed-
scale utility; empirical ET, simplified channel routing

Constraints Data requirements High
Level of expertise High
Level of effort High
Model adaptability Forest regrowth capability No
Complex stand No
characteristics
Forest mortality or fire risk No

Alteration of land
cover details

Future climate data

Yes, but no time varying input; snapshots only

Yes; input can be adjusted for alternative scenarios
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TABLE A2.27 Water Resources Evaluation of Non-Point Silvicultural Source (WRENSS)

Model name

Water Resources Evaluation of Non-Point
Silvicultural Source (WRENSS)

Development group

US-EPA developed original WRENSS
procedure; Robert Swanson(Canadian
Forestry Service) developed WinWrnsHyd

Model information URL www.epa.gov/warsss/rrisc/handbook.htm
Manual Yes, WRENSS handbook
Tutorial No
Model support Limited
Model cost Free
Computing requirements Equipment PC workstation (Microsoft Access
is not available for Macs)
Software Microsoft Access 2000 or later version
Source code available No
Model type Lumped
Model scales Input time step Monthly
Output time step Annual

Space discretization
Application scale

Planning scale

Lumped, empirical/black box
Small to medium watersheds

Watershed

Model calibration method

Not required but can be calibrated to streamflow

Hydrologic regimes simulated  Glacial No
Nival Yes
Pluvial Yes
Mixed No; separated into rain-dominated
procedure (PROSPER) and snow-dominated
procedure (WATBAL)
Hydrologic processes Vegetation Specified as cover type
modelled Rainfall interception Unclear
Snow accumulation Yes

Snowmelt
Snow interception

Evapotranspiration

Infiltration

Overland flow

Subsurface hillslope runoff
Groundwater flow

Roads

Streamflow routing

Based on the WATBAL hydrologic model
Yes, interception coefficient

Conceptual based on precipitation
(WATBAL) or PET (PROSPER)
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TABLE A2.27 continued

Model name

Water Resources Evaluation of Non-Point
Silvicultural Source (WRENSS)

Model outputs Full hydrograph No
Annual yield Yes
Peak flow In WinWrnsHyd (untested)
Low flow No
Swe No
Evapotranspiration Yes
Water balance Yes
Soil moisture No
Infiltration No
Water table No
Overland flow No
Subsurface hillslope runoff No
Groundwater No
Road flow No
Watershed runoff No
Other None
Key required inputs Map files None
g::z ;zzfai?ofigrto Meteorology data From database
Constants Evapotranspiration modifier coefficient; elevation,

comprehensive list)

Overstory vegetation parameters
Understory vegetation parameters
Soil parameters (deep layers)

Soil parameters (root zone layers)
Routing

Data processing requirements

aspect, latitude, forest cover type, silvicultural
application, rooting depth, wind speed

LAI

No understorey/overstorey discrimination
none

none

none

All of the parameters needed to operate WRENSS
are available from sets of regionalized curves for all
forested regions in the United States and Canada.

Key model assumptions
or limitations

WATBAL was intended to be a site-specific
model, but geographic regional coefficients and
modifiers “will yield reasonable results which are
applicable in the respective regions”. Claimed but
untested capability to assess peak flow changes.

Constraints Data requirements Low (about 10 separate inputs)
Level of expertise Low
Level of effort Low

Model adaptability Forest regrowth capability By specifying growth curves

Complex stand characteristics
Fire risk or forest mortality
Alteration of land cover details

Future climate data

No
No
Yes; model allows for time varying forest cover

No
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TABLE A2.28 Equivalent Cut Area-Alberta (ECA-AB)

Model name

Equivalent Cut Area—Alberta (ECA-AB)

Development group

US-EPA developed original WRENSS procedure; ECA-
AB by Dr. Uldis Silins, University of Alberta

Model information URL www.ales.ualberta.ca/rr/silins.cfm
Manual No
Tutorial No
Model support Limited
Model cost None
Computing requirements Equipment PC
Software Excel
Source code available No
Model type Lumped
Model scales Input time step Monthly
Output time step Annual

Space discretization
Application scale

Planning scale

Lumped, empirical/black box
Small to medium watersheds

Watershed

Model calibration method

Not required but can be calibrated to streamflow

Hydrologic regimes simulated ~ Glacial No
Nival Yes
Pluvial Yes
Mixed No; separated into rain-dominated procedure (PROSPER)
and snow-dominated procedure (WATBAL)
Hydrologic processes Vegetation Specified as cover type
modelled Rainfall interception Unclear
Snow accumulation Yes
Snowmelt Based on the WATBAL hydrologic model
Snow interception Yes, interception coefficient
Evapotranspiration Conceptual based on precipitation (WATBAL) or PET (PROSPER)
Infiltration No
Overland flow No
Subsurface hillslope runoff No
Groundwater flow No
Roads No
Streamflow routing No
Model outputs Full hydrograph No
Annual yield Yes
Peak flow No
Low flow No
SWE No
Evapotranspiration No

161


www.ales.ualberta.ca/rr/silins.cfm

TABLE A2.28 continued

Model name

Equivalent Cut Area—Alberta (ECA-AB)

Model outputs, cont. Water balance No
Soil moisture No
Infiltration No
Water table No
Overland flow No
Subsurface hillslope runoff No
Groundwater No
Road flow No
Watershed runoff No
Other None
Key required inputs Map files None
EII::Zmn:re:tiatt(i)oI:ffeorrto Meteorology data Average annual precipitation and streamflow
comprehensive list) Constants None
Overstorey vegetation Tree species (pine, white spruce, black spruce,
parameters deciduous), area of harvest and total watershed, year

Understorey vegetation
parameters

Soil parameters
(deep layers)

Soil parameters
(root zone layers)

Routing

Data processing
requirements

of harvest, quality of site (poor, fair, good)

No understorey/overstorey discrimination

None

None

None

Model requires user supplied information on long-term precipitation

and streamflow (in the watershed or regional averages) to estimate
changes in ET and streamflow resulting from forest disturbance

Key model assumptions
or limitations

Estimate of cumulative effect of various harvest events
and empirically derived hydrologic recovery

Constraints Data requirements Low (about 10 separate input types)
Level of expertise Low
Level of effort Low

Model adaptability Forest regrowth capability By specifying growth curves

Complex stand
characteristics

Fire risk or forest mortality

Alteration of land
cover details

Future climate data

No

No

Yes; model allows for time varying forest cover

No
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TABLE A2.29 Water Resources Management Model (WRMM)

Model name

Water Resources Management Model (WRMM)

Development group

Alberta Environment (Tom Tang)

Model information URL wwwa3.gov.ab.ca/env/water/regions/ssrb/
wrmmoutput/ WRMM/index.asp
Manual Yes
Tutorial No
Model support Contact developer (Tom. Tang@gov.ab.ca)
Model cost None
Computing requirements Equipment Microcomputers
Software None

Source code available

Unlikely; proprietory software

Model type River Nodes
Model scales Input time step Days
Output time step Days
Grid size N/A
Application scale Dentritic river networks
Planning scale N/A
Model calibration method N/A

Hydrologic regimes simulated  Glacial N/A; model uses natural measured or computed streamflows as input
Nival N/A; model uses natural measured or computed streamflows as input
Pluvial N/A; model uses natural measured or computed streamflows as input
Mixed N/A; model uses natural measured or computed streamflows as input
Hydrologic processes Vegetation None
modelled Rainfall interception No
Snow accumulation No
Snowmelt No
Snow interception No
Evapotranspiration No
Infiltration No
Overland flow No
Subsurface hillslope runoff No
Groundwater flow No
Roads No

Streamflow routing
Frozen soil

Lakes/wetlands

Yes, including reservoir operations, power generation, and water use

No
No
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TABLE A2.29 continued

Model name Water Resources Management Model (WRMM)
Model outputs Full hydrograph Yes
Annual yield Yes
Peak flow Yes
Low flow Yes
SWE No
Evapotranspiration No
Water balance No
Soil moisture No
Infiltration No
Water table No
Overland flow No
Subsurface hillslope runoff No
Groundwater No
Road flow No
Watershed runoff No
Other Reservoir operation, power generation, water use
Key required inputs Map files No
e oo
comprehensive list) Overstorey vegetation No
parameters
Understorey vegetation No
parameters
Soil parameters No
(deep layers)
Soil parameters No

(root zone layers)
Routing

Data processing
requirements

Natural flows

Depending on reservoir operations complexity

Key model assumptions

Not a watershed hydrology model

or limitations
Constraints Data requirements Depending on reservoir operations complexity
Level of expertise Medium to high
Level of effort Depending on reservoir operations complexity
Model adaptability Forest regrowth capability =~ No

Complex stand
characteristics

Forest mortality or fire risk

Alteration of land
cover details

Future climate data

No

No
No

Yes; using streamflow forecasts from hydrologic models
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TABLE A2.30 Water Use Analysis Model (WUAM)

Model name

Water Use Analysis Model (WUAM)

Development group

Economics and Conservation Branch, Ecosystem Sciences and

Evaluation Directorate, Environment Canada

Model information URL None
Manual 100-page demonstration
Tutorial 100-page demonstration
Model support Contact developer (Atef Kassem, Environment
Canada, Ottawa, atef.kassem@ec.gc.ca)
Model cost None
Computing requirements Equipment microcomputers
Software None

Source code available

Contact developer (Atef Kassem, Environment
Canada, Ottawa, atef.kassem@ec.gc.ca )

Model type River Nodes

Model scales Input time step Monthly
Output time step Monthly
Grid size N/A

Application scale

Planning scale

Dentritic river networks

N/A

Model calibration method

N/A

Hydrologic regimes simulated ~ Glacial N/A; model uses natural measured or computed streamflows as input
Nival N/A; model uses natural measured or computed streamflows as input
Pluvial N/A; model uses natural measured or computed streamflows as input
Mixed N/A; model uses natural measured or computed streamflows as input
Hydrologic processes Vegetation None
modelled Rainfall interception No
Snow accumulation No
Snowmelt No
Snow interception No
Evapotranspiration No
Infiltration No
Overland flow No
Subsurface hillslope runoff No
Groundwater flow No
Roads No

Streamflow routing
Frozen soil

Lakes/wetlands

Yes, including reservoir operations and water use

No
No
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TABLE A2.30 continued

Model name

Water Use Analysis Model (WUAM)

Model outputs Full hydrograph Yes
Annual yield Yes
Peak flow Yes
Low flow Yes
SWE No
Evapotranspiration No
Water balance No
Soil moisture No
Infiltration No
Water table No
Overland flow No
Subsurface hillslope runoff No
Groundwater No
Road flow No
Watershed runoff No
Other Reservoir operation, water use
Key required inputs Map files No
oaiaree eoedn
comprehensive list) Overstorey vegetation No
parameters
Understorey vegetation No
parameters
Soil parameters No
(deep layers)
Soil parameters No

(root zone layers)
Routing

Data processing
requirements

Natural flows

Depending on reservoir operations complexity

Key model assumptions
or limitations

Not a watershed hydrology model

Constraints Data requirements Depending on reservoir operations complexity

Level of expertise Medium to high

Level of effort Depending on reservoir operations complexity
Model adaptability Forest regrowth capability =~ No

Complex stand No

characteristics

Forest mortality or fire risk  No

Alteration of land No

cover details

Future climate data

Yes; using streamflow forecasts from hydrologic models

166



ISSN 1495-964X

s
o
c
o]
.
N
o
V)
(51
J



