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Abstract

This chapter provides a brief overview of why and how forest hydrological models are applied to answer impor-
tant global research and management questions. It steps through physical functions that most forest hydrological
models represent, how to best select the model for a particular goal, and how to think about model parameteriza-
tion and calibration. Finally, a suite of example forest hydrology models focused on different model domains (i.e.
plots, watersheds, groundwater and coupled surface—subsurface) are discussed.

15.1 Introduction

Characterizing and quantifying interactions
among components of the forest hydro-
logical cycle is complex and usually requires
a combination of field monitoring and mod-
eling approaches (Weiler and McDonnell, 2004;
National Research Council, 2008). In the past
decade, integrated watershed management
approaches have required improved under-
standing of soil, vegetation, and water quality
and quantity responses to disturbances such as
wildland fires (Hallema et al., 2018; Beyene et al.,
2021; Paul et al., 2022; Povak et al., 2022) and
climate change (Zema and Lucas-Borja, 2022;
Zhang et al., 2022), as well as practices such as
urban forestry (Department of Environmental
Resources, 1999), green infrastructure (Ercolani
etal., 2018; Coville et al., 2020), forest thinning
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(Lundquist et al., 2013; Sun et al., 2022) and
reforestation (Li et al., 2018; Pena-Arancibia
et al., 2019). Modern forest hydrological models
are important tools for testing related hypoth-
eses, understanding hydrological processes,
filling knowledge gaps and synthesizing forest
experimental data (Sun et al., 2011; Komatsu
and Kume, 2020). Sun et al. (2023) provided
a recent, concise, integrative overview of the
status of forest hydrological modeling.

A well-calibrated and verified model that
incorporates the general principles of forest
hydrology can supplement field measurements
(e.g. Hydrograph Separation Program, HYSEP;
Sloto and Crouse, 1996; Barlow et al., 2015).
In turn, these measurements can provide data
to improve a model and its performance, par-
ticularly when long-term data become available
(Tian et al., 2012a; b). Forest hydrology models
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can also simulate water quantity and quality
in forested watersheds (i.e. catchments) and
larger river basin scales with limited recorded
measurements, such as stream discharge
(Sivapalan, 2003), groundwater levels and
evapotranspiration (ET) (Sun et al., 2011). Many
forest hydrology models can also quantify forest
biogeochemical cycling as well as surface-water
quality in watersheds (DeWalle, 2003; Amatya
et al.,, 2013; Nelitz et al.,, 2013), and all in
response to modern pressures such as climate
change and urbanization.

However, improved models that project the
hydrological responses to forest management
practices are needed (Amatya et al., 2011;
Vose et al., 2011; Tian et al., 2012b; Komatsu
and Kume, 2020). This requires a suite of
approaches, incorporating decades of research,
on the response of processes regulating hydro-
logical dynamics to forest management (Jones
et al., 2009; Buttle, 2011; Tian et al., 2012b).
Forest hydrology models are a necessity to
project beyond current hydrological conditions
and from young stands to forests with full cano-
pied watersheds (e.g. quantifying the effects of
forest site preparation, forest growth and silvi-
cultural techniques on the hydrological cycle).
This involves simulating changes in components
of the forest or the forest watershed’'s water
balances, including runoff, ET, snow accumula-
tion/melt, melting permafrost and the cumula-
tive effects of these changes on stream, river and
lake processes (Beckers et al., 2009; Sun et al.,
2011; Tian et al., 2012a). Projecting such shifts
in the forest hydrological cycle requires numeri-
cal modeling methods because of their ability
to conduct time-stepped simulations of specific
hydrological processes within a given domain
and to scale data to broader spatial extents
using physically or process-based approaches
(National Research Council, 2007).

This chapter provides a brief overview
of forest hydrological modeling for answering
important global research and management
questions. Many hundreds of hydrological
models have been applied globally across
multiple decades to represent and predict forest
hydrological processes (Beckers et al., 2009;
Amatya et al., 2013; Nelitz et al., 2013), and
these have been comprehensively discussed in a
recent review paper (Sun et al., 2023). The focus
of this chapter is to highlight a sampling of

these process-based models and approaches. We
specifically focus on ‘forest hydrology models’:
physically based simulation tools that quantify
compartments of the forest hydrological cycle.
Physically based models can be considered those
that describe the conservation of mass, momen-
tum and/or energy (Beckers et al., 2009). While
we provide minimal emphasis on empirical mod-
eling methods (those that use measured data
to derive relationships between variables, e.g.
linear regression models), these approaches can
be embedded within physically based models.
We focus on the watershed scale, which
includes multiple drainage areas ranging
across various orders of magnitude (e.g.
0.1-1000km?), based on Golden et al. (2014)
and consistent with Wei and Zhang (2011).
Temporal scales of each model are associated
with the time step the modeler selects to solve
the governing equations within the model based
on the specific processes of interest, typically
hourly for streamflow hydrograph predictions
and flow rates in urban settings, daily for most
hydrological applications, monthly for forested
and/or large-scale ecosystem models, and annu-
ally for the transient groundwater flow models.

15.2 Model Functionality and Complexity

Forest hydrology models can range in both
functionality and complexity. Each model’s
functionality and complexity results, in part,
from the hydrological processes embedded in
the model’s structure, the mathematical equa-
tions representing these processes, and how the
spatial extent of the model domain is discretized
(Beckers et al., 2009). These models also include
the interactions among processes and across
scales (Clark et al., 2017). Most models simu-
late, at minimum, a basic water balance that
includes moisture inputs (e.g. rainfall, snow
and/or snowmelt) and water flux outputs via ET
including canopy and soil/understory evapora-
tion and runoff as a combination of surface and
subsurface flows (Fig. 15.1).

How the water balance and water fluxes are
simulated and what are required as model inputs
vary widely based on how models describe the
hydrological processes at different spatial/tem-
poral scales. Typically, many models consider
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Fig. 15.1. Processes that can be modeled with forest hydrology simulation tools.

the forest ecosystem as mature (e.g. static), while
other select models (e.g. DRAINMOD-FOREST;
Tian et al.,, 2012a) explicitly simulate forest
physiological and phenological dynamics and
how these dynamics affect a forest stand’s water
balance. Some models simulate the interactions
among the soil, vegetation and atmosphere that
affect the soil moisture dynamics and water-use
efficiency of vegetation in forests (e.g. PnET-N-
DNDC simulations of N,0 and NO emissions
from forest soils; Li et al., 2000; Stange et al.,
2000). Simulated outputs are diverse across
models as well, but generally include peak flow,
low flow, total streamflow/water yield, ET, and/
or changes in soil moisture or groundwater table
elevations over time.

15.2.1 Rainfall-runoff functions

The initiation of overland flow or subsurface flow
in models that include rainfall-runoff dynamics
on hillslope and river channels (i.e. ‘watershed
models’) occurs when a threshold soil moisture
level, such as soil field capacity, is reached.

Each model calculates a threshold value and
runoff-generating processes differently. Forest
hydrology models will typically represent one
(but sometimes more than one) of these runoff-
generating processes, which might include
variable source area (VSA) dynamics (e.g.
TOPMODEL, Beven and Kirkby, 1979), the USDA
Natural Resources Conservation Service curve
number method (e.g. Soil and Water Assessment
Tool, Neitsch et al., 2011), Green-Ampt infil-
tration processes (e.g. Hydrologic Simulation
ProgramFORTRAN  (HSPF)), Hooghoudt's
equation for subsurface drainage and Kirkham's
equation for ponding conditions for shallow
water table and drainage rates (e.g. DRAINMOD-
FOREST, Tian et al., 2012a), soil moisture
response function (e.g. Visualizing Ecosystems
for Land Management Assessment (VELMA),
Abdelnour et al., 2011), three-dimensional
finite difference or linear reservoir approach for
saturated zones, the two-dimensional Richard’s
equation or two-layer water balance models (e.g.
MIKE SHE, Graham and Butts, 2005; Distributed
Hydrology Soil Vegetation Model (DHSVM),
Wigmosta et al., 1994) or soil moisture balance
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(Water Supply Stress Index (WaSSI), Sun et al.,
2011) approaches, depending on the temporal
scale of simulation. Additional details on these
processes are covered in associated chapters in
this volume.

For forest hydrology models that explicitly
simulate rainfall-runoff processes, runoff
may be initiated in the model of interest via
infiltration-excess runoff (Horton, 1933),
saturation-excess overland flow (Dunne and
Black, 1970), including VSA dynamics, or acom-
bination of both overland flow types. Subsurface
storm flow (Hursh and Brater, 1941), including
preferential flows, may also be implemented in
the model’s water balance routine, as well as
return flows (i.e. flow that travels through the
shallow subsurface before reissuing to the land
surface). Surface depressional storage capacity,
Manning’s overland surface runoff coefficient,
land slope, and other landscape and surface/
litter vegetation characteristics are then used to
store or route the excess rainfall after soil satura-
tion to the nearest stream.

15.2.2 Evapotranspiration functions

To effectively model forest hydrological
responses to changes in climate, management,
fires and other land cover practices, ET must
be simulated. Evapotranspiration of a forest
ecosystem is the sum of canopy, soil, water litter
and understory vegetation surface evaporation,
as well as stand transpiration, and is a major
component of the forest hydrological cycle
(Sun et al.,, 2016; Komatsu and Kume, 2020;
Sun et al., 2023). Plot and watershed models
typically estimate subdaily, daily or monthly
potential (as the upper limit of ET; Jovanovic
and Israel, 2012) via one (or more) of three
basic ET formulas: empirical Hamon (Hamon,
1963), energy-based Priestley—Taylor (Priestley
and Taylor, 1972) and/or the fully process-based
Penman—Monteith (McNaughton and Black,
1973), in order of their complexity. Recently,
some traditionally non-forest watershed-scale
models have used the ET process and ET-related
parameters embedded in these formulations
to expand representations of the forest hydro-
logical cycle across commonly used watershed
models (e.g. Soil and Water Assessment Tool

(SWAT),Haas et al., 2022a, b). Komatsu and
Kume (2020) have provided a thorough back-
ground of how forest hydrologists have modeled
ET through time.

15.2.3 Model parameterization

Depending on the study or management objec-
tives, the complexity of the model and the
forest composition, the number and breadth of
parameters required to simulate key processes
may vary substantially. In addition to several
previously mentioned soil and runoff related
parameters, parameters related to simulation of
forest ET may include rooting depth and distri-
bution, leaf area index, canopy density, canopy
structure and interception capacity, stomatal
or canopy conductance, and other biophysical
characteristics including those that represent
the understory type/species (additional details
are included Chapter 3, this volume). A recent
review of current hydrological models indicated
that ET is not well quantified for forested water-
sheds due to lack of data related to vegetation-
specific parameters (Sun et al., 2023). Overall,
a key modeling challenge is the availability
and quality of spatially explicit data to help put
values on model parameters (Clark et al., 2017).

Anthropogenic processes may also be
incorporated into the functionality of many
forest hydrological models. Some models can
project variations in hydrological processes
in response to climate change, management
scenarios, wildfire, insect and disease outbreaks,
and shifts in land cover/land use. For example,
studies have applied modeling approaches to
project the effects of forest harvesting and man-
agement on peak flows in British Columbia (e.g.
Whitaker et al., 2003; Thyer et al., 2004), por-
tions of South America (Bathurst et al., 2011;
Birkinshaw et al., 2011), China (Sun et al., 2006;
Cao et al., 2021), north-western USA (Stednick,
2008; Abdelnour et al., 2011; Yan et al., 2021)
and forest management practices in California
(Cristea et al., 2014), among others. In a syn-
thesis study, Amatya et al. (2013) outlined eight
criteria for an ideal forest hydrology model that
can describe the impacts of forest fertilization on
southern US forested landscapes.
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15.2.4 Balancing model functionality and
complexity

Model functionality and complexity go hand in
hand: typically, the greater number of functions
the model simulates, the more complex the model
(Golden et al., 2017). Forest hydrology models
can vary considerably in complexity from simple
empirical models (not discussed here) to process-
based models that cover a range of low (Forest
Hydrology Model (ForHyM), Arp and Yin, 1992)
to medium (VELMA, Abdelnour et al., 2011) to
highly complex (e.g. HydroGeoSphere, Brunner
and Simmons, 2012; MIKE SHE, Graham and
Butts, 2005) hydrological representations: that
is, from simple bucket-type models to models
that implement multiple soil-water interactions
and transport processes. Model complexity can
also vary with spatial scale: highly complex and
computationally intensive models often function
best at finer spatial scales; as the spatial scale
expands, the resolution of the modeled system
necessarily needs to coarsen to decrease compu-
tational demands.

Forest hydrology process-based studies
coupled with modeling approaches have most
commonly been approached from a small
watershed scale (National Research Council,
2008) using paired-watershed approaches (Von
Stackelberg et al., 2007) starting as early as
1909-1928 in North America (Bates and Henry,
1928). However, more recent studies have
expanded their spatial scales toward the scale
of management (e.g.large watersheds, regions,
nations, globally) and have used generalizing
principles derived from finer-scale studies.

Models can be discretized in different ways
based on the model structure, the spatial scale of
interest, and the management or research ques-
tion. Typically, models are spatially discretized in
one of three ways: lumped, semi-distributed or
fully distributed. Spatially lumped models rep-
resent the model domain as one unit, without
any heterogeneity in its characteristics (e.g.all
soils and land cover are the same throughout
the domain). Semi-distributed models carve the
watershed into similarly functioning units, such
as hydrological response units (similar combi-
nations of land cover, soils and slope) (Neitsch
etal., 2011), field management units, subbasins
or finite difference grids. Fully distributed models

have varying parameters and processes across
the model domain (Kampf and Burges, 2007;
Arnold et al., 2016). Forest hydrology models
can also vary temporally, with some operating
on a continuous time step (e.g. daily, monthly
and/or annually).

15.3 Model Selection

A forest hydrology model is a simplification of
reality. This is an important consideration when
selecting the appropriate model for the forest
hydrological management and/or research ques-
tion being addressed. The current state of the
science remains limited on insights into choos-
ing the most appropriate spatial resolution to
represent the hydrological processes of a specific
system. Of utmost importance is the develop-
ment of a perceptual hydrological model of the
study area (i.e. a conceptualization of the for-
ested watershed and its hydrological processes)
(McMillan et al., 2023), based on tying together
information provided by spatial data based on
remote sensing (e.g. light detection and ranging
(LiDAR), Landsat, moderate resolution imagery
spectroradiometer (MODIS)), a Geographic
Information System (GIS), monitoring (e.g. pre-
cipitation, stream flow, snowpack depths), past
modeling efforts and professional knowledge.
This will help to: (i) determine the most impor-
tant hydrological processes of the study area; (ii)
select a model that can simulate these dominant
processes; and (iii) determine whether the sim-
plifying hydrological assumptions in the chosen
model (e.g. spatial discretization — breaking the
model into grids or subbasins or another spatial
unit — and temporal resolution) is valid for the
system (Golden et al., 2017).

When selecting a model, various factors
should be considered. For example, a lumped
parameter model might be appropriate (com-
pared with a spatially explicit model) where
spatial heterogeneity is low or the spatial scale
of the study area is broad (e.g. region, national),
or there is a combination of the two. Model
selection must also consider the management or
research questions, the hydrological processes
important to those questions and what future
projections need to be simulated, such as climate
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change or forest management scenarios that
vary in complexity.

Practical considerations for choosing a
forest hydrology model include the modeling
objective, input data needs and parameter avail-
ability, computational time and cost—benefits of
model complexity. For example, most watershed-
based forest hydrology models require an accu-
rate digital elevation model and stream network
layers as base data for watershed delineation
and drainage network configuration, and spatial
data on soils and land cover, in addition to
measurements of hydrometeorological variables
(e.g. precipitation, temperature), ET (e.g. eddy
covariance flux, remote sensing), snowpack
depths, water-table variations and streamflow
measurements at the watershed outlet.

Depending on the study question, addi-
tional information may be needed. For example,
water-level data from groundwater wells,
piezometers and other surface-water features
in the watershed (e.g. wetlands, lakes, dams)
may be required to parameterize the model and
quantify the full water balance. Furthermore,
model set-up, implementation and spin-up (the
initial period taken for the model to equilibrate)
times, as well as the skill level required to execute
the model, all increase with model complexity.
Therefore, considering the balance of benefits
associated with minimizing model uncertainty
versus the increased computational intensity
costs associated with added model complex-
ity — including spatial, temporal and process
complexity — is imperative (Dehotin and Braud,
2008; Clark et al., 2015, 2017).

15.4 Model Diagnostics and
Evaluation

Model evaluation needs to be conducted to
determine whether a forest hydrology model
is characterizing the system appropriately. In
the most general sense, model calibration is a
process by which model parameters are adjusted
so that the simulated model output matches
an observed set of data within a predefined
acceptable range. Model parameters are often
fitted using measured data or calibrated within
reasonable ranges, as determined by the system
and/or literature values when data are lacking.

However, careful consideration of equifinality
(Beven, 1993), which describes the process of
arriving at the same simulated model output
using a variety of different model parameter
sets or structures — without knowing which one
might be closest to ‘reality’ — is important.

Traditionally, watershed models are
calibrated by varying parameter values so that
simulated streamflow closely matches observed
stream gauge data at the watershed outlet.
However, models can be improved by also cali-
brating to spatially distributed observed water
table depths, soil moisture, ET and other water
balance components. In forest hydrology models
that incorporate plant growth components,
model calibration to measured leaf area index,
total biomass, rooting depth and/or ecosystem
productivity, alongside hydrological variables,
will also improve the model.

Parameter estimation programs (e.g. PEST,
Doherty and Johnston, 2003; OSTRICH, Matott,
2005) that generate best-fit parameter sets to
match simulated results to observed data and
assess accuracy based on one or more objec-
tive functions (optimization; Price et al., 2012)
should be selected to generate the best-fit param-
eter set to match simulated results to observed
data (Boyle et al., 2003). A multi-objective
framework reduces the problems associated with
calibrating to local objective function minima
and avoids subjectivity and information loss in
model acceptability criteria by simultaneously
minimizing observed and simulated differences
of multiple functions (Doherty and Johnston,
2003; Flerchinger et al., 2012). Arnold et al.
(2016) recommended a diagnostic approach
that looks at signature patterns of behavior in
the model outputs to determine which processes,
and thus parameters, need further adjustment
during calibration. In a companion study,
Malone et al. (2015) developed parameterization
guidelines and considerations for hydrological
models. Additionally, McMillan et al. (2017)
and Yan et al. (2023) provided guidelines for
hydrological signatures that could be evaluated
in this process.

Validation of the model outputs tradition-
ally suggests the successful testing of simulated
outputs against observed data using an input
data set different from that of the calibration
data set. A split-sample approach is one popular
example whereby calibration and validation are
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conducted during a sequential set of years: one
continuous set is used for calibration, the other
for validation (Klemes, 1986). More recent work
detailed obstacles involved in using split-sample
approaches and argued for applying full data sets
for calibration only, rather than splitting them
with model validation (Arsenault et al., 2018).

15.4.1 Uncertainty and sensitivity

analysis

Uncertainties in forest hydrology models must
be accounted for in some capacity. Model
uncertainties can take the form of parameter
uncertainties, input data uncertainties, process
uncertainties and predictive  uncertain-
ties, among others. For example, McMillan
et al. (2018) categorized hydrological model
uncertainties into measurement, derived data,
interpolation, scaling, and data management
uncertainties. Whatever the focus is, the first
step in uncertainty analysis typically involves
quantifying simulation output uncertainty
by propagating uncertainties throughout the
model and generating a probabilistic distribution
of simulated outputs. How uncertainties should
be handled in hydrological modeling is a debate
that has continued for decades (Matott et al.,
2009; Pianosi and Wagener, 2016; Herrera
et al., 2022), and new developments, such as
those in the realm of Bayesian frameworks for
uncertainty analyses, have widened the debate
(Tasdighi et al., 2018).

Beven and Young (2013) suggested that
uncertainties in hydrological models can be
aleatory (irreducible) or epistemic (reducible)
in nature. Aleatory uncertainties are random
and can be treated probabilistically in the model,
while epistemic errors are associated with
current lack of knowledge of processes operat-
ing within the system. Regardless of the form of
uncertainties in the model, it is appropriate to
detail the assumptions underlying these uncer-
tainties and quantify them, where appropriate
and feasible. Sensitivity analysis is one way of
estimating the output uncertainties caused by
changes in values model parameters. Sensitivity
analysis can determine which parameters
assert the most quantifiable control over model
outputs, that is, the analysis can quantify which

model parameters produce a change in simu-
lated outputs based on incremental changes in
a parameter values.

15.5 Examples of Forest Hydrology
Models

We grouped our example forest hydrology
models into three categories, each based on the
model’s focal domain: (i) plot and watershed
models; (ii) groundwater models; and (iii)
coupled surface—subsurface hydrology models.
Stand-level models are a specific type of plot-
scale model. While many models, with varying
discretization approaches, can be applied to
questions in forest hydrology (Fig. 15.2), here
we expound on a handful of these.

Watershed models — also called catchment
models or basin-scale models —refer to physically
based models that simulate processes contribut-
ing to the forest hydrology water balance (e.g.
surface and subsurface runoff, ET), including
overland and channel routing to a surface-water
system. Watershed models use topographically
defined watersheds as boundaries and simulate
surface and shallow subsurface processes.
Unlike groundwater models, watershed models
quantify groundwater as part of the watershed’s
water balance; the groundwater flow equation
is not explicitly solved. Therefore, the deep
groundwater system is considered a hydrological
‘sink.” The contributions of lentic surface-water
features such as lakes, ponds and wetlands to
the water balance are also often not explicitly
simulated.

Some watershed models exemplified here
focus heavily on ecosystem processes, such as
forest growth and productivity (e.g. DHSVM),
while others are more hydrologically focused
(e.g. TOPMODEL) without forest stand dynam-
ics included. All watershed models exemplified
here include some means of streamflow routing
—from conceptual (e.g. all excess runoff is trans-
ported to the subbasin outlet to simple time of
concentration) to more complex kinematic wave
routing, so that streamflow at the watershed
outlet can be simulated.

Groundwater models focus on solving
groundwater flow equations specifically. Coupled
surface-subsurface models (e.g. GSFLOW)
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Fig. 15.2. A host of models can be applied to questions related to forest hydrology. We focus on a
sample of these models. Modified from Sun et al. (2023).

are typically highly complex and involve both
process-based surface and subsurface hydrologi-
cal processes.

15.5.1 Plot and watershed models

PnET-BGC (Gbondo-Tugbawa et al., 2001) and
CENTURY (Parton et al., 1993; Parton, 1996) are
plot-scale models that simulate forest hydrological
processes across a forest stand. PnET is a lumped
parameter, monthly or daily time step, and stand-
level (more generally called plot-scale) model that
quantifies carbon and water dynamics in mature
forests. Hydrological processes simulated by the
PnET (photosynthetic/ET) model include canopy
interception, plant transpiration, macropore flow,
lateral flow and deep percolation to the aquifer.
CENTURY is a plot-scale terrestrial biogeochemi-
cal model that operates at a monthly time step
(Parton et al., 1993; Parton, 1996). The model is
composed of linked submodels representing forest
production, grassland and crop production, soil
organic matter and water balance. The simpli-
fied water balance submodel simulates monthly
evaporation, transpiration, soil water content,
snow water content and saturated flow between
soil layers.

Several examples of watershed models
that can be applied to forest hydrology include
ForHyM (Arp and Yin, 1992; Meng et al., 1995),
TOPMODEL (Beven andKirkby, 1979),iTreeHydro
(Wang et al., 2008), VELMA (Abdelnour et al.,
2011, 2013), Agricultural Policy/Environmental
eXtender (APEX, Williams and Izaurralde, 2005;
Gassman et al, 2007), Precipitation-Runoff
Modeling System (PRMS, Leavesley et al., 1983,
2005), DHSVM (Wigmosta et al., 1994, 2002),
BROOK90 (Federer et al., 2003), Variable
Infiltration Capacity (VIC, Liang et al., 1994,
1996), Integrated Nitrogen Catchment Model
(INCA, Wade et al., 2002), Forest-BGC (Running
and Gower, 1991), Regional Hydro-Ecological
Simulation System (RHESSys, Band et al., 1993;
Tague and Band, 2004) and WaSSI (Sun et al.,
2011; Caldwell et al., 2012; Sun et al., 2015).
A brief synopsis of each is included below, and
additional details are given in Table 15.1.

TOPMODEL is a semi-physically based
flexible watershed hydrological mass balance
modeling tool that is particularly robust in
forested watersheds with shallow soils (Beven
and Kirkby, 1979). Flow routing in TOPMODEL
is driven by VSA dynamics and includes both
saturated flow and infiltration-excess overland
flow.
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iTree Hydro (previously called UFORE-Hydro;
Wang et al., 2008) is a physically based, semi-
distributed urban forestry hydrological model that
simulates runoff volume and water quality across
different urban land covers. Simulations in iTree
Hydro are at a daily time step and can operate at
multiple watershed or plot (i.e. city, parcel) scales.
A user can simulate the effects of various urban
impervious and vegetation cover scenarios on the
urban forest water balance, including intercep-
tion, ET, infiltration and runoff.

The VELMA modelis a fully distributed (i.e. it
captures spatial variability in physical properties
of a watershed) ecohydrological model initially
developed for forested watersheds, particularly
in the Pacific north-west USA (Abdelnour et al.,
2011; Abdelnour et al., 2013). VELMA can
simulate multiple parts of the forest hydrological
cycle (e.g. daily infiltration and redistribution,
ET, surface and subsurface runoff) using a four-
layer soil column structure.

The  semi-distributed APEX  model
(Williams and Izaurralde, 2005; Gassman et al.,
2007) was developed to evaluate land manage-
ment impacts of hydrology, water and soil
quality, and vegetation growth and competition
in upland watersheds. The forestry version
includes rainfall interception by canopy/litter,
silvicultural practices and subsurface flow that
includes deep percolation and lateral seepage
using storage routing and pipe flow equations
(Saleh et al., 2004; Williams and Izaurralde,
2005).

PRMS is a semi-distributed processed-based
watershed model that simulates components of
the water balance, including evaporation, tran-
spiration, runoff and infiltration, and quantifies
interactions with the forest/plant canopy, snow-
pack dynamics and soil hydrological processes
(Leavesley et al., 1983; Leavesley et al., 2005).
PRMS has been applied across many landscape
types and broad spatial scales. At broader spatial
scales, PRMS is often calibrated in forested
headwaters.

BROOK90 is a one-dimensional process-
based hydrologic model that operates on a daily
time step and was originally developed for for-
ested watersheds in north-eastern USA (Federer
et al., 2003). The model includes components
for interception by a single-layer canopy, snow
accumulation and melt, direct evaporation from
soil and snow, transpiration from a single-layer

canopy and multi-layered soil, and multi-layered
soil water movement.

DHSVM is a watershed-scale hydro-
logical model that operates at subdaily time steps
(Wigmosta et al., 1994; Wigmosta et al., 2002;
Perkins et al., 2019). The model is composed
of seven modules representing ET, snowpack
accumulation and melting, canopy snow inter-
ception and release, unsaturated subsurface flow,
saturated subsurface flow, surface overland flow
and channel flow. DHSVM is frequently applied
to evaluate forest management hydrological
effects across a variety of physiographical settings
(Storck et al., 1998; Bowling and Lettenmaier,
2001; Cristea et al., 2014; Yan et al., 2021; Sun
etal., 2022).

The VIC model is a macroscale hydrological
model that operates at daily to monthly time steps;
it complements global-scale general circulation
models used for climate simulations and weather
prediction (Liang et al., 1994; Liang et al., 1996).
The model includes forest ET, canopy storage,
surface and surface runoff, aerodynamic flux,
and snow accumulation and melt.

INCA is a semi-distributed process-based
watershed model that operates at a daily time
step and is popularly used in Western European
forested watershed studies (Whitehead et al.,
1998a, b; Wade et al., 2002). The INCA
hydrological module simulates soil moisture,
storage and evaporation, topographic impacts
on flow, and streamflow, and can be applied
to assess the effects of forest management on
watershed-scale hydrology and biogeochemi-
cal cycling.

SWAT, a widely used watershed-scale, semi-
distributed model (Arnold et al., 1998) originally
developed for upland agricultural landscapes, has
been tested, modified and updated for its applica-
tion to large landscapes containing large portions
of forest lands (von Stackelberg et al., 2007;
Watson et al., 2009; Parajuli, 2010; Amatya and
Jha, 2011), and has recently been improved for
forested systems (Haas et al., 2022a, b).

The Watershed Erosion Prediction Project
(WEPP; Foster and Lane, 1987), its geospatial
interface GeoWEPP (Renschler, 2003), and the
most recent watershed-scale version (Brooks
et al., 2016; Lew et al., 2022) focus on simulat-
ing the water balance and sediment delivery in
hillslope and small watersheds (<36 km?), areas
within managed forests, along forests with roads
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and in wildfire areas, as well as rangelands and
agricultural systems.

The FOREST-BGC model (Running and
Gower, 1991) and its successors, such as the
BIOME-BGC model (White et al., 2000) and
other BGC family models, are process-based,
watershed-scale  ecosystem-focused models
that can be spatially aggregated and averaged
to a per-unit area basis. FOREST-BGC’s water
balance is simulated at a daily time step and
includes evaporation, transpiration, rainfall
interception, throughfall, soil moisture, snow
water equivalent depth and soil outflow of water.

RHESSys is a semi-distributed hydrological
model that operates at a daily time step and
is used to simulate mountainous watersheds
(Band et al., 1993; Tague and Band, 2004). The
hydrological component of the model simulates
atmospheric processes and soil hydrological and
transport processes including vertical seepage,

WaSSI-C modeling framework

8-digit HUC
[ 2-digit HUC (WRR)

0 25 50 100km

[
8-digit HUC

[ 2-digit HUC (WRR)
Streams

soil evaporation, lateral flow, and canopy radia-
tive and moisture processes.

Finally, the WaSSI model is a relatively
low-complexity, integrated, lumped parameter
(limited spatial variations in physical character-
istics within a subwatershed), semi-process-based
model that solves water balances at broad spatial
scales (Fig. 15.3) (Sunetal., 2011, 2015; Caldwell
et al.,, 2012; Liu et al., 2022). It operates on a
monthly time step and simulates the full monthly
water balance (ET, streamflow, ecosystem pro-
ductivity and soil moisture storage) for each land
cover class at a user-defined watershed scale.

15.5.2 Groundwater models

Groundwater models explicitly simulate ground-
water table dynamics and flows, and are needed

WASSI water balance
AS=P-Q-ET

ET=f(PET, P, LAl S)

|
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Fig. 15.3. WaSSI: an example of a relatively low-complexity, large-scale ecosystem model that can
be applied to forest hydrology management and research questions. ET, evapotranspiration; HUC,
hydrologic unit code (a watershed identifier); LA/, leaf area index; P, precipitation; PET, potential
evapotranspiration; Q, watershed runoff; AS, change in water storage at the watershed scale; WRR,

water resource region,
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to answer research and management questions
related to the movement and transport of
subsurface flows and solutes through saturated
porous media. Groundwater models are typically
bounded by deep subsurface flow networks that
reach across multiple watershed boundaries
and use the groundwater flow equation (i.e.
mass balance and Darcy’s law) to estimate deep
groundwater transport, which is based on rela-
tionships among hydraulic conductivity, specific
yield, hydraulic gradient, fluid flow rates and the
contributing model domain area. Surface-water
flows and features (e.g. lakes, ponds, wetlands,
streams, rivers) are not explicitly modeled in
groundwater simulations and are considered
boundary conditions. Two example ground-
water models that could be used for simulating
forest hydrological systems with a strong
groundwater component are MIKE SHE (Abbott
et al., 1986a, b) and DRAINMOD-FOREST (Tian
etal., 2012a) (Table 15.2).

The MIKE SHE model (Abbott et al.,
19864, b) is a physically based, fully distributed
watershed-scale hydrological modeling system
(without streamflow routing unless linked
with the MIKE11 module) that was designed to
describe the full hydrological cycle in a water-
shed. The model simulates the hydrological
processes of canopy interception, soil evapora-
tion, transpiration, infiltration, overland flow,
unsaturated flow in soils, groundwater flow in
aquifers and channel flows in rivers.

DRAINMOD-FOREST (Tian et al., 2012a) is
a field-scale, fully process-based and integrated
model for simulating hydrology, soil carbon
and nitrogen cycles, and vegetation growth in
lowland forests under various climate condi-
tions and silvicultural practices. Hydrological
processes in DRAINMOD-FOREST are simulated
on a daily or hourly basis and include ET, rainfall
interception, infiltration, subsurface drainage,
surface runoff, deep seepage and soil water
dynamics in the unsaturated zone.

15.5.3 Coupled surface-subsurface
hydrology models

Coupled surface—subsurface hydrology models
are highly complex modeling systems that link
surface and groundwater models by dividing

surface and subsurface flow into different regions
or domains, and solve the governing equations
in each region using iterative solution methods
(e.g. Markstrom et al., 2008) or simultaneously
solve the governing equations for surface and
subsurface flows (e.g. Panday and Huyakorn,
2004). These models consider feedback among
various components of the surface and subsur-
face water balances (e.g. runoff, groundwater
flows and ET) and are thus extremely complex
and computationally arduous. Two examples of
such models that can be used to address forest
hydrological management and research-related
questions are HydroGeoSphere (Therrien et al.,
2010; Brunner and Simmons, 2012) and
GSFLOW (Markstrom et al., 2008) (Table 15.3).

HydroGeoSphere is a fully integrated, physi-
cally based numerical model that simulates, at
a variety of time steps, coupled-surface (in two
dimensions) and subsurface (in three dimen-
sions) hydrological processes so that all primary
components of the hydrological cycle are
modeled (i.e. overland flow, streamflow, evapo-
ration, transpiration, groundwater recharge,
subsurface discharge into surface-water bodies)
(Therrien et al., 2010; Brunner and Simmons,
2012; Cornelissen et al., 2014; de Schepper
etal., 2015).

GSFLOW is a high-complexity coupled
surface—subsurface hydrological model
that operates at a daily time step (Fig. 15.4)
(Markstrom et al., 2008). The model integrates
the surface-water PRMS (Leavesley et al.,
1983; Leavesley and Stannard, 1995) and the
Modular Groundwater Flow Model (MODFLOW)
(Harbaugh et al., 2000; Harbaugh, 2005).
PRMS (Table 15.1) simulates land-surface
hydrologic processes in ET, runoff, infiltration
and interflow, plant canopy interception and
storage, and snowpack. MODFLOW is a popular
grid-based groundwater flow model that simu-
lates three-dimensional saturated groundwater
flow and storage, one-dimensional unsaturated
flow, and groundwater interaction with streams.

15.5.4 Emerging modeling methods

Machine learning (ML) is a subfield of artificial
intelligence that enables computers to recog-
nize patterns and make predictions, and deep
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Fig. 15.4. GSFLOW model structure: an example of the complex coupled surface-subsurface modeling
system. From Markstrom et al. (2008), with permission; S. Markstrom, US Geological Survey, personal

communication (2015).

learning (DL) (LeCun et al., 2015) is a type of
ML that applies neural networks with multiple
layers to understand data patterns. While ML
has gained popularity in multiple disciplines in
the past decades, applications in hydrology span
less than a decade (Lange and Sippel, 2020). The
specific use of DL in hydrology has been even
more recent (Shen, 2018; Shen et al., 2018;
Gauch et al., 2021). However, DL is on a rapid
upward trajectory in the hydrological sciences
(Shen and Lawson, 2021).

Several ML modeling approaches have
recently been applied to test hypotheses and
pose questions regarding forest hydrological
processes. For example, Schmidt et al. (2020)
applied a combined neural network approach to
estimate forest soil water content across space

and time. Random forest applications have
also been applied to estimate annual runoff
in response to forest losses (Li et al., 2020), to
predict inundation dynamics and hydroperiods
(Riley and Stillwell, 2023), to understand woody
wetland loss due to sea-level rise (He et al.,
2023), to track forest soil moisture dynamics
(in comparison with other ML methods; de
Oliveira et al., 2021) and to transfer output, via
arandom forest-based tool, from a process-based
model focused on forest thinning impacts on
snowpack to other nearby forested watersheds
(Krogh et al., 2020).

The prediction capacity of ML models often
matches or goes beyond that of process-based
models (Kratzert et al.,, 2019). The downside
is that they provide lower interpretability
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regarding forest hydrological processes. To
improve the interpretability of these modeling
methods, process-guided DL has been intro-
duced (Willard et al., 2022). In this approach,
the processes embedded in a physically based
model can ‘guide’ the ML or DL model toward
better process understanding for the modeler.
Relatedly, explainable deep learning is another
method to better understand drivers and pat-
terns in DL models (Zhi et al., 2024), such as
that used to discover mechanisms causing flood
patterns across the USA (Jiang et al., 2022).
Furthermore, emerging fusions of process-based
models with DL methods, such as differentiable
process-based models (Feng et al., 2022; Shen
et al., 2023) and neural ordinary differential
equations (Hoge et al., 2022), integrate the
power of DL into process-based models for
hydrological predictions.

Another major development for forest
hydrological modeling has been integrating
remotely sensed (satellite and airborne; optical
or sensor) data into process-based forest hydrol-
ogy models to better calibrate and ‘capture’
forest hydrological processes and related param-
eters, such as ET, leaf area index, canopy leaf
temperature and albedo. Remote sensing enables
viewing of large land expanses instantaneously
and integrating heterogeneous landscapes at
a range of spatial resolutions (Sass and Creed,
2011). Use of data such as remotely sensed ET
from MODIS (Mu et al., 2011) can be directly
integrated into watershed ecohydrology models
to improve their accuracy (Rajib et al., 2018).

Overall, the rapid development of super-
computing, accessible ‘big’ spatial and temporal
data stored — and being computed — across mul-
tiple cloud-based platforms, and remote-sensing
technology is changing how we think about, and
model, forest hydrological systems. However, dis-
tributed watershed forest hydrological modeling,
which allows detailed representations of forest
hydrological processes, has not kept pace: the
developments have remained stable for over a
decade since 2010 (Sun et al., 2023). Therefore,
given recent technological advances in data
availability and computing platforms, there is
still much room for growth in efficient forest
hydrological modeling, potentially with reduced
prediction uncertainties.

15.6 Conclusions

Forest hydrology models are important tools
for developing a clearer understanding of the
dominant hydrological processes of a forest
stand or watershed (i.e. catchmen) and the
process-based hydrological responses to future
forest impacts, such as silvicultural practices,
implementation of management activities and
climate change, on water resources and other
ecosystem services. These models can vary
widely in complexity; therefore, clarity regard-
ing research or management questions in
addition to the conceptual hydrological model
of the forest stand or watershed is imperative
for model selection. Model evaluation, includ-
ing uncertainty and sensitivity analyses, is a
primary approach to determine whether hydro-
logical processes of interest and/or importance
in the modeled system are well characterized,
ultimately reporting output variables of interest
with quantified prediction uncertainties. With
technological and high-speed computing devel-
opments in recent years, future forest hydrology
modeling work will move further toward incor-
porating innovative remote sensing, ML, and
geophysical and biogeochemical methods for
improved parameterization and process under-
standing. Furthermore, empirical methods
(e.g. tracer and isotopic studies for hydrograph
separation) and statistical approaches should
continue to be integrated into mechanistic
modeling structures. Finally, the development
of new, simplified, but physically based models
might be most appropriate in some forested
systems (Sidle et al., 2011), improving our
general understanding and guiding forest
management.

15.7 Disclaimer

The views expressed in this chapter are those
of the authors and do not necessarily represent
the views or policies of the US Environmental
Protection Agency and the US Department of
Agriculture Forest Service.
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