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ABSTRACT

Band, L.E., Patterson, P., Nemani, R. and Running, S.W., 1993. Forest ecosystem processes at the
watershed scale: incorporating hillsiope hydrology. Agric. For. Meteorol., 63: 93-126.

An approach to distributed modeling of watershed hydro-ecological processes over large spatial scales
is described. A data and simulation system, RHESSys (Regional HydroEcological Simulation System),
combines a set of remote sensing/GIS techniques with integrated hydrological and ecological models in
order to automate the parameterization and simulation of a suite of ecological and hydrological flux and
storage processes through the watershed. Specifically, we simulate forest canopy net photosynthesis (PSN)
and total evapotranspiration (ET) through the year with a modeling package that integrates FOREST-
BGC, a stand level model of forest carbon, water and nitrogen budgets, with TOPMODEL, a quasi-distri-
buted hydrological model. The latter model introduces the effects of hillslope hydrological processes,
incorporating surface redistribution of soil water by saturated throughflow processes. The maintainance
of regular patterns of soil water by throughflow processes cause forest ecosystem activity to vary dependent
on hillslope position. The distributed framework is based on a terrain partition in which each terrain object
(hillslopes and stream reaches) comprising the watershed are separately parameterized and simulated. The
location of each terrain object within the watershed is explicitly represented while the internal variability
of each object is represented as a joint parameter distribution. Generalization of the surface into different
numbers of terrain objects (by growing or shrinking the extent of the stream network) is automatically
accomplished using digital terrain data. This allows us to flexibly alter the spatial representation of the
watershed by shifting surface information either into the internal hillslope parameter distributions or into
greater numbers of hillslopes (and stream reaches). Limited simulations of a mountainous watershed in
western Montana indicate that incorporation of within hillslope throughflow and the soil, topography and
vegetation distribution has the effect of significantly altering the seasonal PSN and ET trends in com-
parison with lumped surface representations without lateral water flux.
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INTRODUCTION

In mountainous and hilly terrain the spatial patterns of forest ecological
and hydrological storages and fluxes are dependent on the topography
through the variability of the radiation environment, precipitation and tem-
perature conditions, and soil water drainage. These factors can show signifi-
cant variations on scales ranging from individual hillslopes owing to soil
drainage and exposure, to larger regions affected by temperature and precipi-
tation gradients. The close coupling and mutual evolution of the forest canopy
and local soil properties with the energy and water environment contributes
to a complex pattern of landform, soils and vegetation over the landscape.
Analysis or modeling of any one of these components requires the simul-
taneous treatment of the other components, incorporating significant
feedbacks and variations that may occur over the time and space scales of
interest. If either the hydrological or ecological components are prescribed,
the lack of dynamic feedbacks could seriously alter the modeled systems’
behavior. Because of this, a major challenge to their effective integration is to
find efficient methods to represent the processes at a level of conceptual and
computational detail at which their spatial variability and mutual interaction
are adequately expressed.

In this paper, we present an integration of a forest ecosystem process
model, FOREST-BGC (Running and Coughlan, 1988), with a spatially distri-
buted hydrologic model, TOPMODEL (Beven and Kirkby, 1979). Both
models have been previously validated in a number of forest stands and
catchments. The integration of the models is carried out in order to investigate
the distributed feedbacks between ecological and hydrological processes at the
watershed scale. In particular, we are interested in the impact of lateral water
redistribution processes (surface and subsurface water flow) and the resulting
patterns of available soil water on the distribution and magnitude of forest
canopy evapotranspiration (E7) and net canopy photosynthesis (PSN). An
important feature of the model integration is the incorporation of all signifi-
cant water pathways which may drain or modify the patterns of soil water. We
demonstrate the model integration and the distributed hydro-ecological in-
teractions with a set of numerical experiments carried out for the area of Soup
Creek, a 15km? mountainous watershed in western Montana. While results
presented here are to some extent unique to the specific climate and terrain of
this area, the advantages and limitations of the present approach are clearly
illustrated, and the impact of the canopy, water interactions are considered
representative for northern Rocky Mountain ecosystems.

We have embedded both FOREST-BGC and TOPMODEL into a data and
simulation framework, RHESSys (Regional HydroEcological Simulation
System), designed to automate the distributed parameterization and execution
of the integrated models. RHESSys incorporates a set of geographic informa-
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tion processing techniques to combine information drawn from digital terrain
data, remote sensing and digitized soil maps into a distributed parameter set
necessary to operate the hydro—ecological models described here. The GIS/
remote sensing approach to parameterization is required for the simulation of
large watersheds as manual methods are inefficient, inaccurate and do not
offer a methodology that can be implemented on even larger scales of interest
in the future (Shuttleworth, 1988). FOREST-BGC (Running and Coughlan,
1988) is a stand level simulation model of carbon, water and nitrogen budgets
that calculates, among other things, forest evapotranspiration (E7) and PSN.
The carbon and water budgets for a forest stand are computed from daily
meteorological data, basic canopy information (e.g. LAI, and stomatal phy-
siology) and a simplified soil water budget. This budget is based on the soil
‘bucket’ model, and includes calculations of rainfall input, interception,
snowmelt, capacity overflow and evapotranspiration.

TOPMODEL (Beven and Kirkby, 1979) uses surface topographic and soils
information to simulate the lateral redistribution of soil water over a catch-
ment by saturated throughflow. The model is based on demonstrated princi-
ples of hillslope hydrology in which locations with large upslope contributing
areas and low surface gradients maintain higher soil moisture levels than
locations that are steep (rapid throughflow drainage) or have low upslope
contributing areas. The patterns of soil transmissivity, T (m? day '), defined
as the saturated hydraulic conductivity integrated over depth are combined
with these topographic properties to represent the effects of lateral soil
moisture flux, such that the patterns of available soil water over the landscape
can be predicted. In our modeling framework the moisture patterns provide
spatial variability to the available soil water required by FOREST-BGC,
leading to differential rates of forest evapotranspiration and productivity over
the terrain. O’Loughlin (1990) has recently reviewed and compared the simu-
lation approach taken by TOPMODEL and TOPOG, a modeling system with
a similar conceptual genesis, with emphases on land management and forestry
applications.

We have previously presented RHESSys in a form to parameterize
FOREST-BGC (without TOPMODEL) over complex terrain (Band, 1991;
Band et al., 1991). The parameterization method for mountainous landscapes
is based on the extraction of the stream network of the watersheds from a
digital elevation model (DEM), and the segmentation of the topographic
surface into their component hillslopes (Band, 1989). Each hillslope is then
separately parameterized with information drawn from geographically regis-
tered soil and remote sensing data sets. The advantage to this approach is the
relatively conservative variation of the important model variables of net
radiation, air temperature and leaf area index within the hillslope facets, and
the higher variation of these variables between the hillslope facets. Simulation
of ET and PSN over the population of hillslopes defining the topography is
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then able to capture a large proportion of the landscape variability in these
processes.

The substitution of TOPMODEL as the surface hydrological component
for the landscape replaces the functions carried out by the bucket model
previously used in FOREST-BGC. This addition results in the following
major modifications in the simulation behaviour. (1) It provides for lateral
subsurface drainage of soil water from the hillslopes and the production of
saturation runoff from partial contributing areas of the watershed. This
produces more realistic outflow hydrographs from a catchment, and repre-
sents important pathways for depletion of soil water that are not incorporated
into the bucket model. (2) A distribution of available soil moisture is de-
veloped over the watershed on the basis of hillslope position. This allows the
representation of important topographic controls on canopy processes and
forest growth, particularly through the zonation of soil moisture deficits. (3)
The necessary distributions of soil transmissivity and topographic variables
requires a more distributed framework for surface representation in which the
observed assemblages of terrain, soil and vegetation parameters are main-
tained. The higher resolution information describing these patterns includes
their spatial covariation. Aside from distributing the computed flux processes,
integration of the nonlinear water and carbon flux processes over these
parameter distributions may lead to significant shifts in the timing and mag-
nitude of the total areal exchange of carbon and water with the atmosphere.

The more distributed treatment of the watershed hydrology accomplished
by incorporating TOPMODEL into RHESSys includes modifications in the
geographic information processing for model parameterization and in the
integrated simulation and visualization techniques. In the following sections
the current version of RHESSys is described in terms of its structure and the
interaction of its parameterization, simulation and visualization components.
The simulation components, FOREST-BGC and TOPMODEL, are des-
cribed in sufficient detail to evaluate their integration within RHESSys as
presented here. The demonstration of RHESSys parameterization and simu-
lation results for Soup Creek includes an evaluation with limited field mea-
surements of leaf water potential and basin runoff and comparison with the
previous generation of the model run with the ‘bucket’ soil water representa-
tion. The model comparisons are used to investigate the impact of distributed
vs. lumped hydrology on the spatial and temporal patterns of computed
carbon and water flux. Note that the lack of distributed snowpack and soil
moisture observations for model initialization for the simulation year of 1988
makes difficult the direct comparison of model results with observed discharge
and canopy variables for validation purposes. Instead, the limited field data
are used to assess the overall behavior of the model in comparison to alterna-
tive model forms. Finally, ongoing and planned improvements in the model
structure, parameterization schemes and validation strategies are discussed.
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DESCRIPTION OF RHESSys

The RHESSys parameterization and simulation components (RHESSys
pieces) are specifically designed to represent the surface soil, topographic and
vegetation patterns along with certain ecological and hydrological processes,
respectively, at a level of detail commensurate with ‘landscape level’ modeling.
By landscape level, we refer both to a geographical area (order of magnitude
areas of 10'-10°km?) over which there is significant variation in the major
factors controlling both storage and flux of ecological and hydrological
variables, and a conceptual level of treating and representing that variability.
The conceptual approach seeks to represent the land surface characteristics
and the physical processes at a level of detail for which the necessary paramet-
ers can be realistically estimated to reproduce the dominant patterns of
hydro-ecological dynamics (such as runoff generation or canopy productiv-
ity) over the landscape. The requirement of adequate parameterization over
large heterogeneous areas is generally very difficult for those models that seek
to cast the physical processes as a set of differential equations to be solved at
fine space and time steps over the nodes of a finite element of difference mesh.
While these approaches model the processes with a high degree of physical
realism, they require a large precise set of parameters to give solutions
commensurate with that level of process specification. While current comput-
ing technology may be adequate to solve the equations, it is not feasible to
collect all the physical parameters necessary to adequately describe the actual
field condition over extensive, diverse terrain. Beven (1989) has proposed that
in many circumstances we must consider such detailed descriptions of the
surface and subsurface characteristics of a watershed to be essentially unk-
nowable from a modeling perspective. Therefore, in the presence of this
uncertainty and ‘unknowability’ hydrological and ecological models must be
constructed to represent as much of the significant pathways and processes as
possible with the restriction of being realistically parameterized and operated.

It is not our purpose or goal to model these processes with high precision
at any given point, but to distinguish between process rates over landscape
units, such as between ridges, hillslopes and valleys or the regular variations
that will occur within a hilislope as a result of present trends of insolation or
soil moisture. Therefore, our approach is to reduce the complexity of the
physical representation of the processes to the level where we can distinguish
the approximate spatial pattern of responses over the landscape. Emphasis is
therefore placed on a better description of the dominant spatial patterns of
surface properties and hydrologic pathways at the landscape level, rather than
a more precise description of surface properties or processes at any given point
or small set of points. In effect, the uncertainty introduced by this restriction
of the process representation may be no greater, and is less misleading, than
uncertainty introduced by greater numbers of less well known parameters.




98 L.E. BAND ET AL.

REGIONAL HYDRO-ECOLOGICAL SIMULATION SYSTEM (RHESSYys)

PARAMETER SOURCE DERIVED INPUTS GIS PROCESSING PARAMETER FILES MODELS QUTPUT
Radiation,
CLIMATE NWS Temperature,
GOES Humidity,
Rainfall
VEGETATION ™ Blome type, — Drainage Area, L
MSS Leaf Area Index
AVERR Stream  Network CARTRIDGE MT-CLM
Land Unit  Extraction ET
TOPOGRAPHY  ysis Elevation, Topoaraphy-Soils FOREST-BGC —{ PSN
DEM Aspect, Inciex .
DMA Slope DISTRIBUTION DISCHARGE
Text Deoth TOPMODEL
exture, epth,
SOULS sCs Water holding i Hegistraton
capacity :
NWS - National Weather Service
GOES - Geostationary Operational Environ  Sateliite MT-CLIM -Mountain Microclimate  Simulator
TM - Landsat/Thematic Mapper FOREST-BGC -Forest Ecosystem  Simulator
MSS - Landsat/Multispectral  Scanner TOPMODEL -Hydrologic Routing  Simulator
AVHER -NOAA/Agvanced Very High Resolution
Radiometer ET - Evapotranspration
USGS - United States Geological Survey PSN -Net  Photosynthesis
DEM - Digital Elevation Model Discharge -Stream Discharge

DMA - Defence Mapping Agency
SCS - Soil Conservation Survey

CARTRIDGE - tand unit parameterization
DISTRIBUTION -within Land unit  Parameterization

Fig. 1. Flow diagram of information from raw image data through model parameter sets and
simulation results for RHESSys. Surface parameter fields are computed from remote sensing
imagery, digital elevation data and digitized maps, and aggregated to landform levels in the cartridge
files. Within landform variability is represented in the distribution files.

Parameterization strategy

The spatial resolution of process and surface representation is given at two
different levels. The hillslopes and stream reaches are explicity located within
the watershed with a topological description of stream network and hillslope
organization following Band (1989). Within hillslope variability is represented
by aspatial frequency distributions computed from high resolution remote
sensing imagery and digital terrain data. Figure 1 shows the data flow in the
current RHESSys implementation, routing landscape and meteorological
information through a set of geographic information processing modules
for parameter extraction and organization, and then into the integrated
FOREST-BGC/TOPMODEL simulations. Raw input data include remote
sensing data for determination of canopy variables (specifically biome type
and LAI), grid digital elevation models (DEM) for calculation of surface
slope, aspect, elevation, and the contributing drainage area for each pixel as
described by Band (1989), Band and Wood (1988) and others. Soil maps of
the area are used for the calculation of expected soil depth, texture and
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transmissivity. The DEM is also used for the extraction of the watershed
structure and its component landforms (stream lines, ridge lines, hillslopes).

The parameters required for the simulations are aggregated to the landform
level (e.g. individual hillslopes), and maintained either as mean values in the
cartridge parameter files or as the range or pattern of parameters in the
distribution files (see Fig. 1). The hydro-ecological simulations are then
carried out on the landform (land unit) rather than the pixel level. In keeping
with the conceptual level of simulation, this represents the landscape patterns
to the level of observable variation between hillslopes (given in the cartridge
file) and the trends in canopy, soil and topographic variables within the
hillslopes (given in the distribution files), but not to the high frequency
pixel-by-pixel variations. '

A strength of the landscape representation and parameterization is the
ability to easily reform the watershed with greater or fewer numbers of
landscape units. This is done at the level of parameter field aggregation by
substitution of a new watershed partition model, with a greater or lesser extent
of the stream network (Fig. 2). As each hillslope is referenced to an individual
stream link, the extent of the stream network determines the detail of the
watershed partition into elementary hillslope and stream units. At the par-
ameter file level each cartridge file (e.g. Table 1) represents a different scale of
surface parameterization, such that the simulations are easily reparameterized
‘and executed over a range of scales by replacing the cartridge. As the water-
shed is partitioned into fewer land units, less surface information is represent-
ed as the variance of parameter means within the cartridge file (which shows
explicit spatial patterns of parameters between the land units) and more of the
variance is implicitly incorporated into the distribution files which contains
landform internal variance. This provides the ability to perform the simula-
tions at any desired level of surface aggregation, or over a range of scale
representations while preserving the watershed structure in terms of the
arrangement of runoff producing regions and the drainage network.

FOREST-BGC

FOREST-BGC is a compromise between detailed models of canopy
biophysics and more general, functional or statistical approaches to climate—
vegetation interactions (Running and Coughlan, 1988). The model is designed
to simulate carbon, water and nitrogen cycles of forested ecosystems at
landscape levels, allowing the use of remote sensing and geographic informa-
tion systems (GIS) for spatially distributed parameterization. Only canopy ET
and PSN results are addressed in this paper. The input data required consists
of daily meteorological conditions for a base station, including minimum and
maximum temperature, relative humidity or dewpoint, precipitation and solar
insolation, if available. The base station data is then extrapolated to different
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Fig. 2. Representation of Soup Creek by the segmentution of the DEM into: (a) 11 stream links and
22 hillslopes; (k) 3 stream links and 6 hillslopes; (o] one stream link and twao hillslopes. The partition
strutegy can easily produce different levels of surface detail with greater or lesser numbers of stream
links and hillslopes {two hillslopes droining into eich stream link) for use ag the basic lundform
information and simulation units.

portions of the topography with the use of MT-CLIM (Running et al., 1987),
a subroutine that adjusts the meteorological data for typical lapse rates,
atmospheric optical depth and illumination angles using site elevation, gra-
dient and exposure.

FOREST-BGC takes the daily precipitation, subtracts canopy and litter
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TABLE 1

Between hillslope variations in topographic, canopy and soils information

Slope  Aspect Elevation  Gradient LAI SWC  Area 4 m Number of
degrees  (m) (degrees) (m) (ha) intervals
1 177.0 1600.0 30.4 10.6 0.108 1293 57 002 10
2 330.0 1627.0 30.9 1.7 0.122 1013 54 0.02 9
3 167.0 1847.0 30.7 5.1 0.101 236 53 0.02 6
4 236.0 1885.0 33.6 59 0.102 352 52 0.02 7
5 206.0 1519.0 17.2 10.1 0.162 18.1 54 0.02 7
6 7.0 1640.0 28.5 7.9 0.134 384 58 0.02 7
7 209.0 1771.0 26.8 6.5 0.131 2383 59 0.02 9
8 23.0 1692.0 272 7.1 0.145 1014 5.6 0.02 9
9 184.0 1834.0 222 8.1 0.116 146 59 0.02 6
10 245.0 1923.0 29.1 6.3 0.105 576 59 0.02 8
11 242.0 1597.0 10.8 4.0 0.142 87 57 0.02 6
12 45.0 1711.0 224 6.6 0.163 255 59 0.02 7
13 225.0 1623.0 13.6 6.1 0.150 32 59 0.02 6
15 259.0 1968.0 28.4 49 0.107 1721 6.1 0.02 9
16 13.0 1842.0 23.9 6.0 0.124 831 6.0 0.02 9
17 334.0 1883.0 24.9 6.1 0.115 434 59 0.02 9
18 58.0 1925.0 26.9 53 0.108 650 60 0.02 8
19 25.0 1941.0 30.6 49 0.110 251 55 0.02 6
20 94.0 1932.0 274 5.7 0.113 165 5.7 0.02 6
21 308.0 1838.0 33.7 6.9 0.105 163 438 0.02 5
22 31.0 1847.0 34.7 8.03 0.107 382 543 0.02 8

interception and routes the remaining amount into soil water or snowpack for
later release by snowmelt (Fig. 3). Canopy variables, the most important of
which is LAI, are estimated with remotely sensed data (Peterson et al., 1988;
Spanner et al., 1990). At this point, soil information is only available from
existing soil maps and requires field inspection to determine any significant
trends in soil properties with topographic position (e.g. the existence of a
catena). This is a time consuming and very approximate portion of the
parameterization, although we are exploring methods of improving and auto-
mating the soil parameterization process. Canopy transpiration, calculated by
a Penman-Monteith equation based on daily micrometeorologic information,
the predawn leaf water potential () and LAI, drives the uptake and
conductance of soil water as modified by physiologic conductance and soil
water availability. Canopy photosynthesis is computed with the CO, diffusion
gradient, radiation and temperature controlled mesophyll CO, conductance,
the canopy water vapor conductance, LAI and daylength. Beer’s Law is used
to approximate extinction of canopy shortwave radiation, which is then
integrated over the canopy to produce average radiation levels.

A simplified bucket model is used for the soil water budget, with a capacity
set at the available soil water capacity (AWC, mm). The net input to the soil
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water storage is given by
oS, = P-{I.+1)+ M —ET - D (1)

where D is deep percolation, dS,, is the change in soil water, M is snowmelt,
P is precipitation and I, and 1, are canopy and litter interception respectively,
all measured as mmday~'. When S, (mm) exceeds 4 WC, the difference is
immediately released as runoff. In this respect, the hydrology is restricted to
vertical exchange. No lateral redistribution of water is considered, and runoff
occurs instantaneously when S, > AWC and is zero if S, < = AWC. This
results in unrealistically flashy outflow hydrographs and does not adequately
~represent soil water drainage in hilly to mountainous watersheds. More
importantly in terms of the ecological processes it is largely independent of
topographic position as there are no lateral discharge or recharge exchange
processes with downslope or upslope terrain, respectively.

TOPMODEL

While the bucket representation may be adequate for landscapes with
negligible gradients (and therefore, negligible lateral soil water flux) it is well
known that in steeper topography saturated matric throughflow and macro-
pore flow cause significant redistribution of soil water over the landscape.
Typically, areas with larger upslope drainage areas and lower gradients have
higher values of S, while areas with low upslope drainage areas (near ridges)
and higher gradients are better drained and have lower moisture contents.
Localized differences in S, over the terrain within a single catchment of
hillslope can cause significant variations in transpiration and productivity of
the canopy. Spatial covariation of S, with soil hydraulic properties and
vegetation canopy properties over the terrain are necessary to incorporate in
distributed hydroecological framework, as they result in both short and long
term patterns in carbon and water flux rates. Once again, emphasis is on
capturing that portion of the landscape that is regular and measurable (in a
parameterization sense). High frequency random variations in the model
parameters are not represented over the space and time scales we wish to
model, and may be considered a more purely stochastic characteristic of the
landscape.

TOPMODEL (Beven and Kirkby, 1979) takes an approach to hydrologic
simulation that is complementary to the conceptual level of FOREST-BGC.
TOPMODEL emphasizes the regular variations in soil water storage and flux
that are expected under certain hydrologic conditions. A central assumption
of TOPMODEL is that of a quasi-steady subsurface throughflow system in
which recharge to the saturated zone in the contributing area above a unit
length of contour on the hillslope is approximately equal to the saturated
throughflow across that contour length. These conditions are generally res-
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tricted to areas of moderate to steep topography with permeable soils in which
rapid subsurface throughflow occurs, and local hydraulic gradients can be
approximated by the ground surface gradient.

The approach taken in TOPMODEL is considered to be ‘quasi-distributed’
as each point or region on the surface is not explicitly simulated. Instead, the
watershed is modeled as a distribution of points or elements that are par-
ameterized by a hydrologic similarity index

In(aT, [(T;tan §))

where a is the upslope contributing area (m?), f is the local gradient, 7, is the
local soil transmissivity (m’*s™') and T, is a catchment or hillslope wide
transmissivity index (defined in the Appendix). This parameter is used to
compute local soil water deficit, S, measured as a depth below saturation, as

aT,
T,tanf

S = S’+ml—mln( ) (2)
where §’ is the hillslope mean soil water deficit, A is the mean value of /n
(aftan B), and m is a soil specific parameter associated with the vertical profile
of the soil saturated hydraulic conductivity (Beven and Kirkby, 1979). The
derivation of the similarity index and eqn. (2) are given in the Appendix. Note
that the variability of S from S’ is proportional to m.

The hillslope frequency distributions of the similarity index are maintained
in the hillslope distribution files of RHESSys (Fig. 1). Any two points that
share the same similarity index are considered hydrologically similar.
Therefore, the model is integrated over the distribution function of the sim-
ilarity index for each hillslope. Elements in the catchment may be updated
after each time step on the basis of their index value and hillslope S’. Simula-
tion progresses by updating the hillslope S’ each time step by water balance
computation, and then calculating S; for each index interval using eqn. (2).
For each index interval, infiltration from precipitation and snowmelt is routed
through canopy and litter interception stores with defined interception capaci-
ties (dependent on index interval LAI and litter depth). Water in excess of
these interception stores is added to an unsaturated zone storage, SUZ (mm).
Water is routed from SUZ to S at a rate proportional to the value of SUZ/S,
the vertical saturated hydraulic conductivity, K|, and a soil drainage rate
parameter, a. In the present application, ET is then computed for each interval
calculated by components of FOREST-BGC with the interval available soil
water in the rooting zone. The interval specific flux values are areally weighted
to produce hillslope level flux values to update S’. Baseflow is approximated
for the full hillslope as

G = qoexp(—S’[m) (3)

o T ¢ BN o T o T B S S - WS, B G W

I
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where

g = T.exp(—4) 4)

after Sivapalan et al. (1987) and Famigiietti and Wood (1990). Values of the
topography-soils index can be computed from digital ¢levation data (Band
and Wood, 1988) and digitized soil maps. At each time step, local soil water
content is computed for discrete intervals of In(aT,/Ttanf) and may be
mapped back onto the catchment surface (Band and Wood, 1988).

Note that the above method caiculates interval specific values for all flux
processes except net throughflow drainage, for which the effect is approximat-
ed using the implicit solution given by eqn. (2). Explicit routing of through-
flow drainage over each hillslope would be very computationally consump-
tive, and specific parameterization of each node on the hillslopes would
be extremely difficult. The price paid for the implicit solution given by
TOPMODEL is some ambiguity in the coupling of the canopy ET and local
soil moisture updating. If the rate of throughflow divergence is small com-
pared with ET rates, canopy ET may deplete soil moisture faster than
throughflow can recharge it. This indicates that the coupling proposed here
works best in steep catchments with high transmissivity soils. While our
current application basins fit this requirement, as we move into flatter areas
or finer grained soils, this coupling may become problematic. We are currently
exploring the range of environmental conditions for which the integrated
model is applicable.

TOPMODEL has been parameterized and validated on a number of steep
upland catchments (e.g. Beven et al., 1984; Hornberger et al., 1985), with
validation largely done on the basis of catchment discharge hydrographs and
only limited comparison of soil water or saturation patterns. Validation has
largely been restricted to storm events as interstorm potential evapotranspira-
tion has only been handled as simple seasonal sinusoidal functions (Beven,
1986), spatially constant prescriptions or functions of base station meteo-
rological observations (Famiglietti and Wood, 1990). In mountainous to hilly
terrain, this ignores topographically induced variations in potential ET
induced by the variable radiation environment.

Previous use of TOPMODEL has been applied to either entire watersheds
or to a system of subcatchments. Familiagetti and Wood (1990) incorporated
a spatially constant potential evapotranspiration (ET,) term for a full water-
shed, then used the spatially variable soil water produced by TOPMODEL to
estimate the distribution of actual ET across the Konza site in Kansas. For
flat to gently rolling topography like the Konza site, variation in insolation
and surface conditions (other than soil water content) may be conservative
enough to allow the assumption of spatially constant atmospheric ‘evapora-
tive demand.’ In the mountainous topography we are working in, exposure of
the surface is quite variable, with the two hillslopes draining into opposite
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sides of each stream link potentially having very different net radiation
environments included in the same subcatchment area. The topography-soils
index expresses similarity in terms of the runoff and throughflow drainage
system, but does not include effects of variable ET,, particularly that induced
by microclimate within a subcatchment. If different locations with the same
value of In(aT,/T;tanf) have variable ET rates over time, they are not hyd-
rologically similar, will not respond similarly to a storm event and will have
different soil water curves through the year. In this respect, just as FOREST-
BGC has been limited in applications in moderate to steep topography by the
lack of distributed soil water computation, TOPMODEL has been limited for
continuous simulations by the lack of distributed ET computations. While
this may not be noticed when validation is done for single storm events on the
basis of hydrograph matching or in gentle terrain where ET,, has low variance,
it would be more apparent in steep terrain and for continuous simulations
with soil water or other distributed variables used for validation.

In order to preserve hydrological similarity, all significant hydrological
pathways should be considered. For the present circumstance of variable
ET, induced by exposure, each subcatchment region should be stratified by
net radiation. In mountainous terrain this is effectively done by our method
of partitioning the surface into hillslope units. Therefore, the conceptual
and spatial framework adopted for integration of FOREST-BGC and
TOPMODEL is to treat the watershed as a population of hillslopes, each of
which is separately parameterized and simulated. Hillslope scale parameters
(e.g. elevation, slope, aspect, area) dre represented in the cartridge file (Table
" 1). Within hillslope patterns are represented with a distribution of the topo-
graphy-soils index and index interval mean values of key variables, such
as soil depth and LAI, according to observed soil-vegetation—-topography
catenae. In the semi-arid area where we have worked, there is a regular
association of canopy LAI and soil properties with the similarity index (in the
absence of recent disturbance). It is therefore useful to distribute these addi-
tional parameters with the similarity index by computing the mean values of
LAI for each index interval as determined from remote sensing imagery, and
assigning interval values of soil properties as well. Therefore, the replacement
of the bucket model with TOPMODEL requires a more detailed parameter-
ization of within hillslope patterns, but allows the computation and discrim-
ination of a soil moisture gradient within each hilislope grading from the more
xeric ridge environment, through the wetter riparian zones.

ILLUSTRATION OF THE INTEGRATED SYSTEM
System operation

RHESSys is designed to produce the landscape structure, compute the
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distributed parameter set and integrate and run the hydro—ecological proces-
ses of interest. It is therefore necessary that RHESSys be modular so that the
individual components can be modified or replaced to suit particular hydrolo-
gical or ecological environments. As an example, TOPMODEL is appropriate
only to environments where throughflow is a dominant hydrologic process
and is sufficiently rapid to justify the use of the steady throughflow assump-
tion given above. In much flatter terrain, a simple bucket or multiple store
model emphasizing vertical infiltration and soil water movement would be
appropriate. In addition, we have found that the soils in the mountainous
areas of western Montana we have been working in have extremely high
infiltration capacities, such that use of an infiltration model was not necessary
and was deactivated. As we move into other environments with less permeable
surface soils, activation of the infiltration model would be appropriate.

Field site

The current implementation of RHESSys is described and illustrated in this
paper for Soup Creek, a 15km?* watershed located on the west slope of the
Swan Mountain Range in northwestern Montana. This alpine basin is a
remnant glacial trough with an east—-west orientation in the lower portions of
the trough, grading into a northwest-southeast trend in the headwaters (see
Fig. 4). The Swan Range forms a major barrier for Pacific Ocean air masses.
The resultant orographic effects form a strong annual precipitation gradient
ranging from 850 mm at the base of the mountains to over 2000 mm at the
highest elevations. Deep snowpacks prevent soils from freezing during the
winter, so that high infiltration capacity and throughflow rates can be main-
tained. Soil textures typically range from gravelly silty loam at the surface to
extra gravelly silty loam or extra gravelly coarse sandy loam toward the soil
column base. Coarse textures are found throughout the basin on alluvial fans,
glacial tills and colluvial deposits. Limited field observations show the soils to
increase in depth from 1m or less near the ridges to over 2m in the valley
bottom. Soil moisture appears to follow a similar trend. In the summer of
1988, a year of extreme drought in western Montana, soil pits on the hillslopes
and near the ridges were well drained while soils approached saturation near
the valley bottom. The watershed supports a coniferous canopy, with a mix
of Douglas fir (Pseudotsuga menzeisii), red cedar (Thuja plicata), larch (Larix
occidentalis), lodgepole pine (Pinus contorta), subalpine fir (4bies lasiocarpa)
and Engelmann spruce (Picea englemannii). Crown closure ranges from 30 to
greater than 70% with an understory ranging from broadleaved shrubs in the
more open canopies to forest litter in the closed canopies. The area was chosen
for simulation work as it had been used for remote sensing determination of
LAI (Peterson et al., 1988, Spanner et al., 1990) and ground measured stand
LAI were available for the calibration of Thematic Mapper imagery. As noted
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Fig. 4. Distribution of LAl as estimuted from Thematic Mapper Bands 3. 4 and 5. druped over

Thunderbolt Mountain 7.5min DEM {30m resolution). The trunk stream flows from east (o west

out of the Swan Mountains of western Montana,

above, detailed initialization data for the distribution of snowcover were not
available for the 1988 simulation year. As the hydrology of the area 15 very
dependent on the accumulated distribution of the snowpack in the watershed,
the current simulations cannot be considered adequately initialized, and this
leads to some deviations between observed and simulated results. In the
present context, we have used the 1988 meteorological data to sell-initialize
the snowpack and soil moisture by running the simulation for an imtialization
year. Heavy precipitation in December (see Fig. 5) probably leads to an
overprediction of the initial snowpack, and consequent runoff during the melt
SEASOI,

Soup Creek parameterization and simulation

A DEM with a horizontal resolution of 30 m interpolated from the digitized
contours of the Thunderbolt Mountain 7.5 min USGS topographic quadrangle
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TABLE 2

Sample distribution file for a low elevation, south facing slope in Soup Creek. Note that soil properties are
simplified for this example, but can incorporate greater within hillslope trends if information is available

Index value Frequency LAI K, Root zone
(mday™") capacity

(mm)
2.500000 13.00000 7.0 0.93 400.0
3.500000 95.00000 11.3 0.93 450.0
4.500000 266.0000 I1.5 0.93 500.0
5.500000 549.0000 10.3 0.93 550.0
6.500000 359.0000 10.4 0.93 600.0
7.500000 92.00000 10.6 0.93 650.0
8.500000 33.00000 11.5 0.93 700.0
9.500000 15.00000 10.4 0.93 750.0
10.50000 14.00000 9.3 0.93 800.0
11.50000 1.000000 7.0 093 850.0

was produced by the US Forest Service Centronics Laboratory in Salt Lake
City (Fig. 4). The DEM was used to partition the watershed into eleven stream
channels and twenty-two hillsiopes (Figure 2(a)) and to compute the necessary
topographic information including exposure, gradient (f) and upstream
drainage area (@). These information fields were combined with information
from digitized soil maps to produce a field of the topography-soils index,
In(aT,/T;tanp), using the techniques of Band and Wood (1988) and Band
(1989). LAI was estimated using an empirical correlation of Thematic Mapper
Bands 3, 4 and 5 (630-690 nm, 760-900 nm, and 1550-1750 nm, respectively)
with field estimated LAI for a number of sampled forest stands in the region
(Fig. 4). The estimation techniques were modified from the simple function of
the B4/B3 (infrared to red) ratio used by Peterson et al. (1988) and Spanner
et al. (1990) to include a normalization by B5 to account for variable canopy
cover. This modification is the subject of another paper (Nemani et al., 1992)
and is not discussed further here.

An important part of the parameterization scheme is the availability of
water in the soil column to roots. In the mountainous watersheds we have
worked in, soils are typically shallow such that the rooting zone can be
considered the entire soil profile. Where soils are locally deeper (up to 2m),
primarily the valley bottoms, tap roots are often found extending below the
shallower root crown. Therefore, we have considered that the root zone is
equivalent to the soil depth (to a maximum of 2m). In the present context we
simply compute the total soil water storage in the root zone for prediction of
soil water potential, ¥, and . Table 2 shows the distribution file of
parameter values within one of the Soup Creek hillslopes. A simplified soil
catena is represented, showing increasing soil depth and root zone water
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capacity with increasing values of the topography-soils index (moving down-
slope). K| is approximated for the uniformly coarse soil textures on the
hillslopes, and is treated as a hillslope constant for this application, while LAI
is computed as mean values for each topography-soils index interval. Simula-
tion results should be interpreted with this parameterization in mind as
alternate parameterizations would yield varying results.

We also have not incorporated shadows cast by adjacent terrain (although
slope-aspect corrections are made for irradiance) as our sensitivity analyses
have shown only small variance in computed daily ET with horizon angles
ranging up to 40° while daily PSN is not significantly lowered until horizon
angles exceed 30°. This may occur as the integrated solar radiation over the
early morning and late afternoon is much smaller than the integrated midday
insolation and the absorbed insolation assymptotes with increasing incident
insolation at higher LAI.

The watershed partition with 22 hillslopes was used for the present illustra-
tions to aggregate and compute mean values of elevation, aspect, gradient,
LAI and other parameters following Lammers and Band (1990). The cartridge
file represented in Table 1 contains the appropriate model parameters for each
hillslope. From this point, the system loops through a full year’s worth of
simulation for each hillslope unit, reading in and extrapolating meteorological
base station information to the given hillslope. The distribution of the topo-
graphy-soils index distribution and index specific parameters computed for
the hillslope are then read in and the integrated TOPMODEL/FOREST-BGC
model is run over the index values. Results can be reported for each index
interval in each hillslope, as aggregate hillslope results computed with areally
weighted index values, or as aggregated full watershed values. Time series of
intermediate and final results can be produced for any areal unit (index
interval, hillslope or watershed) and as images for any time step. More details
on the model integration and parameterization process for this area can be
found in Patterson (1990). Different values of m were used to simulate scen-
arios with greater and lower spatial variance of soil water. The parameter «
was set to a value of 0.04 in all cases as results were not found to be as sensitive
to its variation as the parameter m.

For comparative purposes, RHESSys was also run using the FOREST-
BGC soil bucket model to simulate soil water dynamics. For the case of the
bucket model, simulations were carried out for each hillslope, treating the
bucket as representative of soil water for the full slope. Two sets of bucket
model simulations were run. The first used an AWC of 15cm which is
generally used as a representative value for a loamy soil, assuming a soil depth
of one meter. These can be considered ‘default’ parameterizations in the
absence of specific soil depth and texture data. A second set of simulations
used the available estimates of soil depth through the watersheds to compute
an areally weighted mean 4 WC of 22 cm. These model runs differ from the
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15 cm bucket runs only in the ‘depth of the bucket’ but illustrate the effect of
having more knowledge of the local soil depths through the watershed. The
TOPMODEL runs then use the available soil information with the modeled
throughflow processes for water redistribution, giving the third level of par-
ameterization complexity.

Annual simulations were run for each model version for the year 1988.
Trunk stream discharge was measured for most of 1988 with a stage recorder.
Base station meteorological data was recorded at the Swan Lake Ranger
Station of the US Forest Service. The daily series of precipitation and
maximum and minimum temperatures for this year (Fig. 5) shows a period of
relatively high temperatures and a lack of rain over the middle to late summer
(approximately 15 July to 10 September). This drought period resulted in
massive forest fires in the northern Rocky Mountains as soils and litter dried,
and caused significant moisture stress in the forest ecosystem. This is a key
period of time for evaluating and comparing the methods accounting for soil
water dynamics in the simulations. It should be noted, however, that informa-
tion was not available for the areal distribution of snowpack depth or soil
moisture for model initialization. Therefore, the current simulations cannot
be considered valid field testing of the different model forms and we do not
attempt to ‘tune’ the models to match the seasonal discharge curve. Therefore,
the observed seasonal hydrograph should only be used for comparison of the
‘form’ of the hydrographs and other flux trends rather than the specific flux
magnitudes.

Simulation results

Seasonal hydrological trends for the full watershed

All versions of the simulations show nearly identical patterns and depths of
watershed mean ET through the early part of the growing season until
moisture stress conditions are reached (Fig. 6). These conditions are generated
at different times for the different model runs depending on the soil water
capacity and the degree of soil water redistribution. The 15 cm bucket shows
more severe moisture limitations than the 22 cm bucket version. In the bucket
models, there is no spatial variance of soil moisture within the hillslopes. The
timing and severity of moisture stress is fully determined by the drought extent
and duration, along with the elevation and exposure of the hillslopes. The
moisture limited evapotranspiration continues through 10 September, when
rainfall adequately recharges the soil.

The effects of redistributing soil water over the topography can be seen in
the variance of watershed ET for the TOPMODEL simulations with m set as
0.02 and 0.12 (Fig. 6). With m set to 0.12, a large variation in soil moisture
develops across the hydrological similarity indices according to eqn. (2). The
lower interval values drain very rapidly while the higher values remain sat-
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Fig. 6. Seasonal trajectories for areally weighted mean ET for the two bucket versions (4 WC set to
15 and 22cm) and two TOPMODEL versions (m set to 0.02 and 0.12) of RHESSys.

urated. The persistant saturation in the higher intervals maintains saturation
overland flow as a consistent outflow of soil moisture. This active pathway
drains the overall hillslope soil water, raising S’ which expands the moisture
stress in the lower intervals. The effect of saturation runoff production as a
hydrologic pathway is to cause a small reduction in basin ET compared with
the bucket models prior to the drought through the augmented hillslope
drainage, but to partially buffer the impact of the drought by maintaining soil
moisture and high levels of ET in a portion of the basin through the driest
period of the summer. Therefore, a crossover of ET rates with the 15cm
bucket and, for a very short period, the 22 cm bucket can be secen during the
drought.
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Fig. 7. Cumulative ET for different topography-soils indices simulated for a low elevation, south
facing slope of Soup Creek. The lower index values show earlier decline of ET rates owing to
moisture stress, while the higher index values show continuous, unstressed ET through the drought
period.

Figure 7 shows the distribution of annual ET over the topographic-soils
indices for a midelevation, south facing slope in Soup Creek. The higher index
value zones maintain a high level of ET through the drought and contribute
an annual ET as much as three times the ET of the lower index values. The
spread of ET values among the intervals is largely determined by a combina-
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tion of soil water recharge and site LAI. Note that at an index value of 6.5 and
above, soil water does not appear to be limiting.

By comparison, simulation with m set to 0.02 does not provide the degree
of moisture stress in the lowest hydrologic intervals or the degree of saturation
and runoff production in the highest intervals. Basin E7 rates do not drop as
rapidly during the drought as the bucket models as a larger proportion of the
basin is maintained with adequate moisture. The presence of the higher soil
water zones in combination with the higher VPD during the drought main-
tains higher average watershed ET. In this case, soil water redistribution acts
to buffer the impact of the drought without significant expansion of the
saturation runoff pathway that would drain the hillslope soil water. At the
driest portion of the drought (early September), daily watershed ET for the
TOPMODEL simulation with lower m is nearly twice the daily ET of the
higher m simulation and the 22cm bucket, and nearly six times the 15cm
bucket.

Varying the degree of soil water distribution, and the consequent variations
in ET and runoff production is illustrated over a range of parameter m values
(Fig. 8). As the distribution of soil moisture increases with m, the increase in
runoff production is balanced by the decrease in average ET . The increasing
sensitivity of these processes as m rises results from the expansion of saturated
or very dry conditions into the larger areas with moderate, rather than
extreme topography-soils index values (see Table 2). Therefore, the partition
of precipitation into ET and runoff production can be very sensitive to the
representation of soil properties and drainage pathways. Note that mean
basin precipitation is about 970 mm for 1988.

Figures 9(a), 9(b) show computed daily ET for 20 June, 1988 and 8
September, 1988 respectively, over the Soup Creek watershed. On 20 June
radiation levels are near the highest levels of the year, but much lower on the
steep north facing hillslopes, limiting ET. ET is probably temperature limited
at higher elevations. The lower elevation south facing slopes have uniformly
high ET rates with little spatial variance over their surface areas. On 8
September north facing and upper elevation slopes are probably radiation and
temperature limited, respectively, during this time as well. The lower elevation
south facing hillslopes now show much greater variance in ET rates, reflecting
the much lower soil moisture contents near the ridges and on topographic
knobs, while the lower portions of the hillslopes and surface hollows (high
index values) have higher soil water content owing to recharge from above.

By comparison with the within hillslope patterns discernible in Figs. 7 and
9 the changing patterns of soil water and consequent canopy ET within the
hillslopes is lost with the bucket versions of the model (Fig. 10). The ability
to discriminate the relative patterns of ecological and hydrological flux contri-
buted by different hillslopes and portions of hillslopes can have significant
implications for watershed management and for our ability to validate model
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Fig. 8. Sensitivity of annual ET and watershed runoff to the parameter m, which controls the
distribution of soil moisture over the topography-soils index values.

behavior. If both between hillslope and within hillslope patterns of state and
flux variables (e.g. soil water storage, predawn ¥,.,¢, ET,LE) could be indepen-
dently estimated on the ground or with remote sensing techniques, model
assessment could be carried out using measures of both integrated watershed
response in the form of discharge curves and in the progression of surface state
and the spatial patterns of water, energy and carbon flux over the season.
The timing of the impact of the drought on the ecosystem causing this
response can be clearly seen in the plot of predawn ., for three model
versions (Fig. 11) simulated for the low elevation south facing slope. ¥, for
the TOPMODEL version is computed as mean values over all index intervals
and with m set at 0.02. When the bucket soil water is depleted, ¥,; and ¥,
drop very rapidly, increasing stomatal resistance. In the TOPMODEL
version, the drop in water potential is largely restricted to the lower value
(drier) index intervals, which eventually close their stomatae, restricting ET to
cuticular levels, while the higher index intervals are not stressed and are still
freely transpiring. Some comparison may be made with mean values of
predawn ¥, measured at a few locations on the hillslope, although it should
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Fig. 9. Distribution of dwly E7 on: {u] 20 June, 1988 shortly alter snowmelt; (h) B September. | 988
il the end of the summer drought period, Simulations run with s = 00KS,
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Fig. 10, Distribution of cumulative ET computed with a bucket  version of soil hydrology with
AW = 23em towards the end of the growing season,

be borne in mind that the small number of sampling locations and the strong
spatial variability of these values probably do not vield a good estimate of
meun hillslope ir,.. However, the trajectonies and range of the observed ¥,
can be considered broadly similar to the TOPMODEL simulation with some
shift in timing possibly owing to the specific locations of the sampled trees.

A significant difference in the performance of the bucket and TOPMODEL
versions may be seen in the simulated discharge series for Soup Creek (Fig.
12). It 15 again noted that these simulations were not imtialized with observed
snowpacks, nor were model parameters specifically tuned to match runofl
curves or other observations. Therefore, rather than matching magnitude of
discharge curves, we simply seek to compare the forms of hydrographs
produced by each modeling methodology. When each hillslope is considered
a bucket which overflows only when its A WC 15 exceeded, the discharge series
s strongly spiked with all discharge occuring on the day that AWC is
exceeded, and none occuring on all other days. This record is quite unrealistic
in comparison with the observed record, indicating that the poor representa-




FOREST ECOSYSTEM PROCESSES AT THE WATERSHED SCALE 119

Leaf Water Potential
TOP (a=0.04 m=0.02)
------------ Bucket {15cm)
0.200 —
—————— Bucket {(22cm)

-0.600 *
o
a
=
s
c 1.000 —
k)
=]
a
3
)]
=
W  -1.400
@@
-

-1.800 —

2200 T T T T T T T

May 1 Jun 1 Jul 1 Aug Sep1 Oct 1 Nov 1 Dec 1
YEARDAY
Fig. 11. Seasonal trajectories for areally weighted mean predawn ¢, for the two bucket versions and

the TOPMODEL version (m = 0.02), with the mean of several field measured ,.,; values observed
through the growing season.

tion of the processes invalidates runoff records as a method of model valida-
tion. The TOPMODEL version releases water to baseflow and overland flow
as a function of local soil water storage levels and yields a much smoother and
realistic discharge curve.

Seasonal carbon balance trends

Average watershed PSN resembles £T through the season (Fig. 13) with
some differences in the magnitude and timing of the crossover between the
TOPMODEL and bucket versions that is dependent on the balance between
primary production and respiration losses as distributed over the range of
LAI and soil moisture encountered. PSN for the TOPMODEL simulation
with m = 0.02 greatly exceeds the 15 cm bucket and the 22 cm bucket simula-
tions through the drought period. Setting m = 0.12 for greater soil water
distribution shows generally lower PSN rates through the year owing to the
saturation overland flow drainage path, with the exception of a crossover with
the 15cm bucket during drought, similar to the ET trends.

Figures 14(a), (b) show daily PSN computed for 20 June and 8 September.
The changes in the relative surface patterns of PSN appear similar but more
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Fig. 12, Annual discharge hydrographs for the two bucket versions and a TOPMODEL version | ol

(m = 0.085) with observed discharge values,

pronounced than those followed by ET. 20 June shows uniformly high PSN | %0
rates with peak values on the low elevation, south facing hillslopes. The only i
areas with low PSN are hillslope sections characterized by talus (rapid | B
drainage) and low LAIL By mid-September, night-time minimum tem- | *O"
peratures are beginning to drop below freezing on a more regular bagis and i
daylength is reduced. In combination with the water stress in selected topo- o
graphic positions, a larger overall reduction in the magnitude of PSN and
increase 1 PSN variance results. Much of the low elevation south facing i
hillslope that was formally the peak producing region now shows near zero or
negative carbon balance with the exception of the wetter hillslope hollows. In -

contrast, the north facing slope is only at near zero or negative carbon balance ~ PP




FOREST ECOSYSTEM PROCESSES AT THE WATERSHED SCALE 121

Photosynthesis
0.15
TOP Integrated (a=.04, m=.02)
------------ TOP Integrated (a=.04, m=.12)
—————— Bucket (15cm)
— =—— ——" Bucket (22¢cm)
0.12 =4
000
0.06

Photosynthesis (Mg/ha)

T ] L l
Jan 1 Feb 1 Mar 1 Apri May 1 Jun 1 Jul 1 Aug 1 Sep 1 Oct1 Nov 1 Dec 1

YEARDAY

| Fig. 13. Seasonal trajectories for areally weighted mean PSN for the two bucket versions (4 WC set
j to 15 and 22¢m) and the two TOPMODEL versions (77 = 0.02 and 0.12).

i on topographic ridges and knobs (low index values). Higher elevations appear
to have more spatially uniform, moderate PSN rates, partially owing to
greater orographic precipitation input (computed with MTCLIM). Note that
| some areas marked as 0.0 Mgha™' actually have negative carbon balances on
this day as the low gross carbon assimilation is offset by high respiration due
| to high surface temperatures.

" DISCUSSION

The integration of the distributed soil water strategy with FOREST-BGC
| appears to yield a set of important observations in comparison with limited
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Fig. 14, Distribution of daily PS& on: (a) 20 June, 1938 shortly alter snowmelt; (b) & September,
1985 at the end of the summer drought period. Simulaticns run with o o= (L0585
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1 and ‘bucket’ versions. First, there are significant differences in
piration rates and net productivity rates which result from the
pdel strategies and the degree of simulated soil water distribution
i the specific parameterization of soil rooting depth and shading
Mbome in mind). These differences are due to a combination of the
vﬁﬁﬁblé soil moisture patterns that develop within the hillslopes with the
MODEL version, along with the magnitude of both throughflow and
' {'pathways. Distributed parameterization of LAI and soil attributes such
mk, texture and hydraulic variables are represented by stratification with
the ddritinage area and slope computed from the DEM. The general trends
vépresented by the parameter covariance are important to represent as they
WH distinct microenvironments which behave very differently over the
ng season.
£ i«Ome significant trend that has been illustrated by this study is the sensitivity
- of watershed ET and PSN to the spatial distribution of soil moisture and
~ canopy- properties. The combination of continued soil water recharge by
throughflow processes in limited areas of the watershed that generally have
higher LAI can buffer the drought impact on areal ET and PSN rates. While
these areas do not comprise a large percentage of the watershed area, they can
produce a much larger proportion of total watershed ET and PSA, leading to
greater areal flux rates compared with a model parameterization that does not
incorporate the vegetation-landscape trends. At the same time, excessive
distribution of soil water leads to the rapid expansion of soil moisture deficits
in the driest portion of the basin and produces a significant drainage pathway
by saturation runoff processes in the wettest portion, augmenting overall
drainage rates. In addition to these impacts on areal average water and carbon
flux rates, if there is interest in the patterns of surface flux and forest produc-
tivity over the landscape, the spatial distribution of land surface properties
and soil water are essential to parameterize and model.

Second, if basin hydrological yield is considered an important model
output, it is essential that the pathways of hillslope drainage by throughflow
and partial area runoff generation be represented. It is well known that in
steep forested catchments, surface overland flow by saturation mechanisms is
restricted to a small area immediately around the drainage lines or in topo-
graphic hollows on the hillslopes. The hydrograph produced by the bucket
model is not useful for validation against gauged flow.

The spatial patterns of model output in combination with the seasonal
trajectories of catchment wide flux and state variables (e.g. outflow, soil water,
Y.r) TEpresent a useful database for validation purposes. While many models
can reproduce a basin outflow hydrograph without actually representing the
significant processes (such as lumped parameterizations), setting a validation
requirement including seasonal shifts in the spatial patterns of surface flux and
state variables constrains the range of modeling strategies to those that
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adequately represent spatially distributed storage and flux, and the important
interactions of adjacent land surface elements. We believe that our data and
simulation system effectively provides the ability to both spatially par-
ameterize the models and validate them at scales ranging from the entire
watershed (by the hillslope to hillslope variation) to the patterns typically
developed within the different hillslopes.

If these patterns could be captured with remotely sensed imagery at key
points of the growing season, we would be able to test the model performance
by comparison with the simulated flux patterns. The images of these processes
and of the intermediate products of soil water and leaf water potential taken
at specific time steps give the opportunity to structure a comparison with a
remotely sensed image that shows an analogous process or quantity. This
would need to be done with a series of such images through the year such that
shifts in these patterns could be discerned on both simulated and remotely
sensed images.

Finally, it should be noted that we have largely developed and tested our
models for steep basins that endure a summertime drought, concentrating on
the ability to capture the important interactions between surface ecological
and hydrological processes in these environments. It is pointed out that the
results shown here may be specific to water-limited ecosystems, and that the
model year was one of significant drought. In more humid environments or
in flatter topography, there will be a shift in some of the key controlling
variables, and a required change in the manner in which some processes are
represented. In flatter terrain, TOPMODEL may not be necessary or appro-
priate, or the stratification by hilislopes may not be necessary. The further
development of RHESSys involves augmenting its modular structure, not just
in the range of model forms and subroutines available for different circum-
stances, but the manner in which they are linked and run. It is expected that
the range of conditions for which a given model form is valid may not be
encountered uniformly through an entire basin (especially in very large
basins). We are currently generalizing the ecological models used in RHESSys
into a suite of different BIOME-BGC components (Running and Hunt, 1993)
appropriate to a series of biomes. A similar diverse set of hydrological tools
will be assembled.

ACKNOWLEDGMENTS

The work reported here was supported by NASA grants NAGW-1234 and
NAGW-952. Lars Pierce, Joseph Coughlan, Jennifer Dungan and David
Peterson aided in field data collection, image analysis and data reduction.

REFERENCES

Band, L.E., 1989. A terrain based watershed information system. Hydrol. Process. 3: 151-162.




Patterson, J.P., 1990. Integration of a distributed hydrologic model, TOPMODEL, with an ecosys-
tem process model, FOREST-BGC. Unpublished M.Sc., Department of Geography, University
of Toronto, 107pp.

Peterson, D.L., Spanner, M.A., Running, S.W. and Teuber, K.B., 1988, Relationship of Thematic
Mapper Simulater data to leaf area index of temperate coniferous forests. Remote Sensing
Environ., 22: 323-341.

Running, S.W. and Coughlan, J.C., 1988. A gencral model of forest ecosystem processes for regional
applications. |, Hydrologic balance, canopy gas exchange and primary production processes,
Ecol, Model,, 42: 125-134,

Running, S.W. and Hunt, E.R,, 1993, Generalization of a forest ecosystem process model for other
biomes, BIOMe-BGC, and an application for global-scale models. In: J.R. Ehleringer and C,
Field (Eds.), Scaling physiological processes. Leaf to Globe, Academic Press.

Runmng, §.W., Nemani, R.R. and Hungerford, R.D., 1987. Extrapolation of synoptic meteorologi-
cal data in mountainous terrain, and its use for simulating forest evapotranspiration and
photosynthesis. Can. J. For, Res,, 17: 472-483,

Shuttleworth, W.J., 1988. Macrohydrology: The new challenge for process hydrology. J. Hydrol,
100: 31-56.

Sivapalan, M., Wood, E.F. and Beven, K.J., 1987, On hydrologic simlanity, 2, A scaled model of

storm runoff production, Water Resourc. Res., 23: 2266-2278,

Spanner, M.A,, Pierce, L.L. Peterson, D.L. and Running, S.W., 1990. Remote sensing of temperate
forest leaf area index: Influence of canopy closure, understory vegetation and background
relectance. Int. J. Remote Sensing, 11; 96-111,



126 L.E. BAND ET AL.

APPENDIX

TOPMODEL assumes that there is an approximate balance between the
rate of recharge in the contributing region of an element and the rate of
throughflow across the element boundary such that

q = ar , (A1)

where g,(m”s™') is the lateral soil water throughflow discharge per unit
hillslope width, r (ms™") is recharge rate to the saturated zone and a (m) is
the surface area contributing drainage per unit hillslope width. With the
assumption that surface gradients adequately approximate the hydraulic
gradients in the saturated zone, g can also be modelled with a modified form
of Darcy’s Law

q, = Ttanpfexp(—S/m) (A2)

where T(m?”s™") is the hydraulic transmissivity of the soil, (B) is the surface
gradient, S(m) is the local soil water content measured as a deficit below
saturation and m is a parameter controlling the decay rate of ¢ with S. When
S is zero (no soil deficit, or saturation), the exponential term drops out and
eqn. (A2) is very close to Darcy’s Law. Lower values of m model a larger
exponential decay of ¢ as S rises, as would be expected in soils in which the
lateral hydraulic conductivity drops rapidly with depth. Hence, m is a function
of soil structure and effectively controls soil water drainage and hydrograph
recession. Equating eqns. (Al) and (A2) and rearranging terms gives an
expression for the soil moisture deficit at point i

S, = —mln(m‘;’nﬁ) (A3)

which can be integrated over the full catchment area, A, to give the mean
catchment saturation deficit

, 1 ar
Substituting for /nr and rearranging gives
, aT,
S, = 8 + mpA— mln(T,-t,anﬁ) (AS)
where
1 a 1
A = ZL ln(tanﬁ)dA InT, = ZLln(T,.)dA

/s




