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Abstract:

Parameter sensitivity of the Distributed Hydrology-Soil-Vegetation Model (DHSVM) was studied in two contrasting
environments: (1) Pang Khum Experimental Watershed (PKEW) in tropical northern Thailand; and (2) Cedar River basin
(CRB) in Washington State of the temperate US Pacific Northwest. The analysis shows that for both basins, the most sensitive
soil parameters were porosity, lateral saturated hydraulic conductivity, and the exponential decrease rate of lateral saturated
hydraulic conductivity with soil depth. The most sensitive vegetation parameters were leaf area index, vegetation height,
vapour pressure deficit, minimum stomatal resistance (for both grassland and forest scenarios), hemisphere fractional coverage,
overstory fractional coverage, and trunk space (for the forest scenario only). Parameter sensitivity was basin-specific, with the
humid, temperate CRB being more influenced by vegetation parameters, while tropical PKEW was more influenced by soil
properties. Increases and decreases in parameter values resulted in opposite and unequal changes in bias and root mean square
error (RMSE), indicating the non-linearity of physical process represented in the hydrological model. Copyright © 2011 John

Wiley & Sons, Ltd.
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INTRODUCTION

Optimisation of physics-based land-surface models would
not be necessary if (1) parameters, site-specific con-
stants, and forcing data could be prescribed accurately
from measurements; and (2) the models themselves rep-
resented governing physical laws related to energy and
mass exchange in land and atmosphere adequately (Basti-
das et al., 2006). However, in practice, these crite-
ria are difficult to achieve and parameter estimation
procedures are necessary. The complexity of models
and the large number of parameters make optimisa-
tion difficult. Sensitivity analysis speeds the calibration
and validation process by identifying which parame-
ters produce the largest changes in model output in
response to perturbations (Demaria et al., 2007; Scollo
et al., 2008). By isolating the most influential param-
eters, sensitivity analysis can guide research prioritisa-
tion in both observation and modelling fields (Prihodko
et al., 2008). Sensitivity analysis also provides insight
into the treatment of particular processes (e.g. evapotran-
spiration and runoff generation) in land surface models
and hence can be used to diagnose the behaviour of land
surface models (Wilson et al., 1987a,b; Abramopolous
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et al., 1988; Mahfouf and Jacquemin, 1989; Henderson-
Sellers, 1992; Pitman, 1994; Gao et al., 1996; Liang and
Guo, 2003; Demaria et al., 2007; van Werkhoven et al.,
2008a).

Saltelli (1999), Bastidas et al. (2006), and Tang et al.
(2007) provided detailed descriptions of sensitivity anal-
ysis approaches that have been commonly used in land
surface modelling. Each of the many approaches avail-
able has its strengths and weaknesses (Gao et al., 1996).
In general, two kinds of sensitivity analysis have been
widely used: local and global methods. In the local
approach, parameter values are varied within specified
ranges relative to baseline values, which are usually
the means of the parameter ranges. One-factor-at-a-time
(e.g. Wilson et al., 1987a,b; Pitman 1994; Gao et al.,
1996), differential analysis (e.g. Doherty, 2003; Tang
et al., 2007, Bahremand and Smedt, 2007), and frac-
tional factorial analysis (Henderson-Sellers, 1992; Liang
and Guo, 2003) are examples of local sensitivity analy-
sis approaches. On the other hand, the global approach,
such as regional sensitivity analysis (Spear and Horn-
berger, 1980; Spear et al., 1994; Franks and Beven,
1997; Demaria et al., 2007) and variance-based sensi-
tivity analysis (Tang et al., 2007; Scollo et al., 2008;
van Werkhoven et al., 2008a), examines parameters in
their entire physical ranges. Global sensitivity analysis
uses various sampling methods (e.g. random sampling,
systematic random sampling) to test parameter values
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distributed across their respective ranges. Hence, it can
provide a complete picture of parameter interaction and
corresponding model response. Consequently, the num-
ber of model runs required for global sensitivity analysis
is large (Satelli et al., 2008; Demaria et al., 2007). In
contrast, the local approach has the features of simplic-
ity and low computation demand, but cannot account for
effects of parameter interaction (Gao et al., 1996).

One-factor-at-a-time (OFAT) has often been used to
diagnose land surface models and has proven to be
a useful approach (e.g. Wilson et al., 1987a,b; Pitman
1994; Gao et al., 1996; Sun and Bosilovich, 1996). In
this study, we used the OFAT method to study parameter
sensitivity for a distributed hydrology model. While
previous applications of the OFAT approach employed
a single statistical objective function and a more or
less arbitrary perturbation range, we used two objective
functions, bias and RMSE, and, in most cases, used
the standard deviation to set the perturbation range (in
some cases, the lower limit of the parameter range
was used). Using the OFAT approach, we examined
parameter sensitivity of the Distributed Hydrology-Soil-
Vegetation Model (DHSVM version 2-0) for both a
tropical monsoon catchment in northern Thailand and
a catchment in the cool, humid US Pacific Northwest.
The main objective of this study is to identify individual
parameters that are important for the simulation of
energy, soil moisture, and streamflow variables in two
contrasting environments. The study will guide both
future field observation priorities and aid future DHSVM
calibration and validation.
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STUDY AREAS

Pang Khum experimental watershed

The 94-ha Pang Khum Experimental Watershed
(PKEW) was established in 1997 near the village of Pang
Khum (19°03’N, 98°39'E), Chiang Mai Province, Thai-
land (Figure 1). PKEW is part of the Mae Taeng River
basin, which is a headwater catchment of the Ping River
that eventually flows into the Chao Phraya River. PKEW
lies in a mountainous region alternately affected by the
southwesterly Indian summer monsoon and the northeast-
erly Asian winter monsoon. The study area has distinct
wet and dry seasons which is typical of southeast Asia
monsoon climate: approximately 90% of the annual pre-
cipitation occurs between May and November. Snowfall
is insignificant. Baseflow gradually declines beginning
in December from its relatively high wet-season level,
with the lowest flows typically occurring just prior to
the onset of the wet season in April or May. Based on
10 years of measurements (1996—2005), annual precipi-
tation is 1800 mm, and mean annual temperature minima
and maxima are 8 and 34 °C, respectively. The original
tropical evergreen (with pine) forest has been altered by
timber removal and swidden cultivation, including, prior
to the early 1990s, intensive opium cultivation (Ziegler
et al., 2004). Around 18% of the area in PKEW was
used actively or inactively as agricultural land based on
a 2002 field survey. Soils are predominantly Ultisols;
and the major soil texture is sandy clay loam (Ziegler,
2000). The underlying geology is largely granite with
some gneiss present. Elevation ranges from approxi-
mately 1100 to 1600 m (Figure 1). Slopes range from
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Figure 1. Topography and location of hydro-climate stations in Pang Khum Experimental Watershed (PKEW) in tropical northern Thailand. 401 and
402 are climate and soil moisture stations; 403 and 404 are soil moisture stations; 405 is a stream gauge
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Figure 2. Geographical location and elevation map of Cedar River basin

0 to 48° (based on a 5-m DEM). Soils are generally
deeper in this area compared to the US Pacific Northwest.
PKEW has two climate stations (Figure 1): one within an
advanced secondary forest (401); the other in a swidden
field (402). Two additional stations measure soil moisture
(403 and 404); a fifth station records stream discharge at
the basin outlet (405). Meteorological data, recorded at
20-min intervals from August 1997 to December 2000,
were aggregated to hourly for this analysis. Measured
forcing data included air temperature (°C), wind speed
(m s~1), relative humidity (%), incoming shortwave radi-
ation (W m~2), near-surface soil temperature (°C), and
rainfall (m). Downward longwave radiation (W m~2) was
calculated as the residual in the radiation balance equation
based on measured net radiation, downward and reflected
short wave radiation, and outgoing longwave radiation.
Soil temperature was estimated from mean annual air
temperature during the study period (20 °C).

Cedar River basin

The Cedar River basin (CRB), which drains to Puget
Sound, is located on the west slope of the Cascade
Mountain range in Washington State (Figure 2). The cli-
mate is maritime temperate, and precipitation is strongly
winter-dominant, occurring mostly between November
and April. Much of the basin lies in the transient snow
zone, where the form of precipitation changes from rain
to snow many times each winter. The CRB is the source
of the City of Seattle’s drinking water supply. The area
of the CRB is about 469 km?, and elevation ranges from
sea level to 1600 m. Based on 88 years (1915-2002)
of climate data, annual precipitation in CRB is about
2100 mm. Low flow conditions predominate from May to
October. Mean annual minimum and maximum temper-
atures are 2-6 and 12-6 °C, respectively. Soils are mainly
sandy loam, loamy sand, and loam; and the most exten-
sive soil class is sandy loam. Vegetation is primarily
coniferous forest in the upland and mixed coniferous and
deciduous in the lowland. Logging in this region started
in the late 19th century when European settlement began,
and this continues up to the present. Early timber harvest-
ing was primarily in the lowlands, and now has moved to

Copyright © 2011 John Wiley & Sons, Ltd.

the uplands. Much of the basin has been preserved since
the 1950s. Based on a 2002 land cover map (Alberti et al.,
2004), about 10% of the land in Cedar River basin has
been harvested.

Station data interpolated to a grid (gridded stations)
were used to drive the Cedar basin model. The gridding
procedure followed Maurer et al., (2002) and Hamlet and
Lettenmaier (2005) and is described by Cuo et al., (2009).
Daily interval station data used in the gridding process

At Time Step t Input:
T, RH, Wind Speed, Kd, Ad, Prcp

% Y

Climate Station
Data Interpolation
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Subsurface Flow — Evapotranspiration
Surface Flow
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|
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Figure 3. DHSVM 2.0 structure and flow chart
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Figure 4. Bias due to increase and decrease of parameter values for the forest scenario in PKEW. Lateral and vertical hydraulic conductivity,

exponential decrease rate of lateral hydraulic conductivity, and maximum infiltration capacity were increased by one standard deviation and decreased

to the lower limits of their respective ranges. Other parameters were changed by plus and minus one standard deviation. Gray bars (empty bars)
indicate the result of a parameter increase (decrease). The same notion for the following bias figures. Parameter notion is the same as in Table I

were from National Climate Data Center (NCDC). Daily
data were interpolated to a 3-h time step to provide a
reasonable representation of the diurnal cycles in solar
radiation and surface air temperature. Soil temperature
of 5°C was estimated from mean annual air temperature
during the study period and was used for calculating soil-
sensible heat flux and energy balance.

MODEL

Model description

DHSVM, version 2.0, incorporates physical pro-
cesses including canopy interception, evapotranspira-
tion, energy and radiation balance, saturation-excess
overland flow, infiltration-excess overland flow, ground
water recharge, snow accumulation and melt, unsat-
urated soil moisture movement, and saturated sub-
surface flow (Figure 3 for DHSVM flow chart, and

Copyright © 2011 John Wiley & Sons, Ltd.

http://www.hydro.washington.edu/Lettenmaier/Models/

DHSVM/overview.shtml for DHSVM schematics). Cat-
chment spatial characteristics are explicitly accounted
for using grids (geo-referenced raster datasets) to repre-
sent the spatial distributions of elevation, soil properties,
vegetation properties, stream, and/or road networks. A
Digital Elevation Model (DEM) is used to direct downs-
lope water movement and to extrapolate climate data.
Soil and vegetation properties are represented by grid
cells in correspondence with the boundary and resolu-
tion of the DEM. Each grid cell has user-specified root-
zone fractions, root-zone depths, and vegetation layers.
Overstory coverage (specified as canopy closure) in each
cell is variable; understory, if present, covers the entire
cell. Saturated subsurface flow is largely controlled by the
lateral hydraulic conductivity. Unsaturated soil moisture
movement in the root zones and deep soil layer above
the water table is controlled by the vertical saturated

Hydrol. Process. 25, 2405-2421 (2011)
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Figure 5. Root mean square error (RMSE) due to parameter change for the forest scenario in PKEW. Triangles (circles) represent results of parameter
value increase (decrease). Symbols are the same for the following RMSE figures

hydraulic conductivity which can be different for dif-
ferent soil layers. DHSVM parameters can be classified
into soil, vegetation (or land cover), elevation, stream,
road, and radiation categories. DHSVM has been applied
in both tropical (Cuo et al., 2006, 2008; Thanapakpawin
et al., 2007) and temperate catchments (e.g. Pacific NW
in North America: Storck et al., 1998; Bowling et al.,
2000; La Marche and Lettenmaier, 2001; VanShaar et al.,
2002; Thyer et al., 2004; Cuo et al., 2009). However,
these studies did not analyse parameter sensitivity specif-
ically and only showed calibration and validation results.
Detailed descriptions of DHSVM can be found in Wig-
mosta et al., (1994 and 2002).

Model implementation

In PKEW, a 50-m DEM was extracted from a 1 : 4000
scale 4-m-interval topographic contour map generated
from aerial photos. A 150-m DEM was used in the
larger CRB study catchment. Soil textures in the model

Copyright © 2011 John Wiley & Sons, Ltd.

were sandy clay loam and sandy loam for PKEW and
CRB, respectively. The time step was one hour for the
PKEW simulations and three hours for the CRB simu-
lations. Stream network and morphology were generated
from Arcinfo macro language scripts (DHSVM website,
http://www.hydro.washington.edu/Lettenmaier/Models/
DHSVM/index.shtml, accessed 1 August 2009). Known
constants, such as temperature lapse rate, precipitation
lapse rate, ground roughness, snow roughness, rain/snow
partition thresholds, snow water capacity, and LAI mul-
tipliers for rain and snow interception were set to model
defaults (DHSVM website). Sky view and hourly sun
shading parameters related to watershed terrain were gen-
erated using programs provided on the DHSVM website;
these were considered as constants and not changed in
the sensitivity analysis. Although DHSVM has an algo-
rithm that represents the effects of forest roads on runoff
(e.g. Storck et al., 1998; Cuo et al., 2006), it was not
implemented in this study.

Hydrol. Process. 25, 2405-2421 (2011)
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Figure 6. Bias for the grassland scenario in PKEW

In the original model setup, there were multiple soil
and vegetation types. For example, in PKEW, there
were 9 soil classes and 6 vegetation/land cover classes;
in CRB, 6 soil classes and 14 vegetation classes. To
reduce the number of parameters in the analysis, we
used a lumped analysis approach, i.e. we focused on the
dominant soil and land cover types in each basin, in this
case, forest, and for contrast, grassland cover. These two
scenarios represent the end members of all possible land-
cover/land-use configurations. All model output variables
evaluated in this study were aggregated spatially (basin-
wide) and temporally (daily interval). Although all grid
cells share the same land cover and soil parameter values
in a given model run, the simulation process is still
distributed, i.e. the simulation is conducted for each grid
cell, lateral surface and subsurface flows are represented,
and streamflow is routed at each time step.

For the forest scenario, 13 soil and 23 vegetation
parameters were investigated, and for the grassland sce-
nario, 13 soil and 10 vegetation parameters (Table I). The

Copyright © 2011 John Wiley & Sons, Ltd.

lower number of vegetation parameters in the grassland
scenario reflects the absence of overstory canopy parame-
ters. Some of the soil and vegetation parameters in PKEW
were based on field measurements. Most parameters for
CRB were derived from published values for similar envi-
ronments. When no literature values or measurements
were available, model defaults or approximations were
used. Values for maximum infiltration capacity and lat-
eral saturated hydraulic conductivity (Kjs) were assumed
to be the same as vertical saturated hydraulic conductiv-
ity (Kys). The moisture threshold below which transpira-
tion ceases was assumed to be the same as the wilting
point. In CRB, soil depth of 2-3 m was assumed and
used in the model. In PKEW, average soil depths of
6—7 m were used. Soil depth is greater in valleys and
shallower on ridges. In both basins, the model was ini-
tialized using forcing for the period 1 August 1997-31
December 1998, and parameter-sensitivity analysis was
performed for the period 1 January 1999-31 December
2000.

Hydrol. Process. 25, 2405-2421 (2011)
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Figure 7. RMSE for the grassland scenario in PKEW

PARAMETER SENSITIVITY ANALYSIS

The OFAT method has been used to diagnose land surface
models. Wilson et al. (1987a) used OFAT to examine the
Biosphere Atmosphere Transfer Scheme (BATS) repre-
sentation of soil characteristics. OFAT was also used to
test the sensitivity of BATS simulations to parameter val-
ues by Pitman (1994) and Gao et al., (1996) and to inves-
tigate the land surface parameterisation of the NCAR
Community Climate Model (Wilson et al., 1987b). Simi-
lar studies were done by Abramopolous et al., (1988) and
Mahfouf and Jacquemin (1989). These previous studies
showed that OFAT is a valuable approach. Unlike previ-
ous studies, the objective of this paper is to identify sensi-
tive parameters but not to diagnose the hydrology model.
Given the simplicity of OFAT approach, testing the sensi-
tivity of a single model output variable and using a single
objective function could result in misleading information.
In this study, we examined multiple variables simulated
by the model representing energy balance, soil moisture,

Copyright © 2011 John Wiley & Sons, Ltd.

and streamflow response. Parameter sensitivity was tested
using two objective functions (bias and RMSE).

Sensitivity analysis focused on the effects of parameter
perturbations of plus and minus one standard deviation on
simulated basin aggregated daily net radiation (W m~2),
first-layer daily wet season soil moisture (m* m~3), daily
and monthly streamflow (mm), daily peak flow (m? s™!),
and dry season daily flow (mm). Daily peak flow was
calculated by first averaging the flows in each day,
then identifying the flows that were higher than those
of the preceding and succeeding days. For parameters
for which only the range was known, the mean and
standard deviations were calculated assuming a uniform
distribution:

Mean : ath (1)
2
b — 2

Standard deviation : % 2)

Hydrol. Process. 25, 2405-2421 (2011)
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Figure 8. Bias for the forest scenario in Cedar River basin

where a and b are the lower and upper boundaries of the
range.

DHSVM was first run using mean values of all soil
and vegetation parameters to derive reference time series
of daily net radiation, daily wet season soil moisture,
daily streamflow, monthly streamflow, daily peak flow,
and daily dry season flow. For the experimental runs (36
runs for forest and 23 runs for grassland), all parame-
ter values were increased and decreased by one standard
deviation, while keeping the others at their specified mean
values, except when a decrease of one standard devia-
tion resulted in a negative value. Exponential decrease
rate of saturated hydraulic conductivity, saturated lat-
eral and vertical hydraulic conductivity, and maximum
infiltration capacity were decreased to the lower limit of
their range. Results from experimental runs were com-
pared with those from the control run rather than with
a parameter-optimized run from Cuo et al., (2006 and
2009), which were not available for both catchments.

Copyright © 2011 John Wiley & Sons, Ltd.

Although optimized parameters had been obtained for
one of the basins (PKEW, Cuo et al., 2006, 2009),
we chose to conduct the sensitivity testing in the pre-
optimized mode. This approach corresponds to the usual
case for those conducting sensitivity analysis, i.e. sen-
sitivity testing is usually done prior to model optimi-
sation. This approach also recognizes that optimized
parameter values are conditional, being dependent on
model structure, other parameter values used in the sim-
ulation, the calibration period, and the objective func-
tions considered (Mahfouf and Jacquemin, 1989; Franks
and Beven, 1997; Yapo et al., 1998; van Werkhoven,
2008b).

Bias and RMSE were calculated from the control
and experimental runs at daily and monthly (for stream-
flow only) time steps. To calculate bias, the study-period
averages of the simulated time series of daily stream-
flow, net radiation, and wet season soil moisture were
used.

Hydrol. Process. 25, 2405-2421 (2011)
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Figure 9. RMSE for the forest scenario in Cedar River basin
RESULTS but not both. Also, positive and negative parameter

Parameter sensitivity summary

Bias and RMSE values resulting from positive and
negative parameter perturbations for forest and grassland
simulations are shown in Figures 4—11. Perturbation of
vapour pressure deficit, minimum stomatal resistance,
and leaf area index resulted in large changes in soil
moisture, net radiation, and discharge in both the tropical
PKEW and temperate CRB catchments. The differences
between forest and grassland are mostly a result of
obvious differences in vegetation structure represented
in the model. Overstory parameters are not used in
the grassland scenario, and understory parameters are
important for grassland than for forest (Figures 4—11).
Sensitivity of some parameters is basin-specific. For
example, soil moisture and average flow are sensitive to
vertical saturated hydraulic conductivity and maximum
infiltration capacity in PKEW (Figures 4—7), but not in
CRB (Figures 8—11). In some cases, parameters were
found to be sensitive based on either bias or RMSE,

Copyright © 2011 John Wiley & Sons, Ltd.

perturbations resulted in opposite but unequal changes
in output variables (Figures 4—11).

Table II summarizes the top five (in case of a tie, there
are more than five) sensitive parameters, based on both
bias and RMSE, for the forest and grassland scenarios. In
general, the following parameters were deemed the most
sensitive because perturbations caused large changes in
output variables, net radiation (Rnet), soil moisture (SM),
and streamflow (Q, including all aspects of a hydrograph
examined), irrespective of the basin.

PKEW and CRB Forest

e Lateral saturated hydraulic conductivity (SM, Q)
e Exponential decrease rate of Kis (Q)

e Porosity (SM)

e Minimum stomatal resistance (Q, Rnet, SM)

e Overstory vegetation height (Q)

e Overstory LAI (Rnet, Q, SM)

Hydrol. Process. 25, 2405-2421 (2011)
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Figure 10. Bias for the grassland scenario in Cedar River basin

e Canopy overstory fractional coverage (Rnet, Q)
e Hemisphere fractional coverage (Rnet, Q)

e Trunk space (Rnet, Q)

e Overstory vapour pressure deficit (Rnet, SM, Q)

PKEW and CRB grassland

e Lateral saturated hydraulic conductivity (SM, Q)
e Exponential decrease rate of K5 (Q)

e Porosity (SM)

e Minimum stomatal resistance (Q, Rnet, SM)

e Understory LAI (Q)

e Understory albedo (Rnet)

e Understory vapour pressure deficit (Q, Rnet, SM)
e Understory vegetation height (Rnet, Q)

e Root zone depth (Rnet, Q)

Six vegetation and four soil parameters were insensi-
tive: i.e. perturbations caused minimal modelled output

changes in either basin:

e Bulk density

Copyright © 2011 John Wiley & Sons, Ltd.

e Bubbling pressure

e Clumping factor

e Moisture threshold

e Soil surface albedo

e Maximum stomatal resistance

e Rpc

e Maximum snow interception capacity
e Mass release drip ratio

e Scattering parameter

Soil surface albedo was not sensitive because our
specification of forest and grassland vegetation classes
dictated that the soil surface was completely covered by
vegetation.

The most important vegetation parameters for forest
are hemisphere fractional coverage, overstory LAI, over-
story vegetation height, minimum stomatal resistance,
overstory vapour pressure deficit, overstory fractional
coverage and trunk space. Most of these parameters are
associated with the overstory vegetation structure and
used in the calculation of wind and radiation attenuation

Hydrol. Process. 25, 2405-2421 (2011)
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Figure 11. RMSE for the grassland scenario in Cedar River basin

through the overstory canopy (Nijssen and Lettenmaier,
1999). In addition to their roles in intercepting radia-
tion and affecting the wind profile, overstory fractional
coverage and LAI also determine the amount of precip-
itation intercepted by the canopy. Thus, these parame-
ters strongly influence the partitioning of water among
evapotranspiration, soil moisture storage, and streamflow
components. For grassland, understory albedo, understory
LAI, understory vapour pressure deficit, and understory
vegetation height and parameters associated with the soil
surface are the most important in controlling the parti-
tioning of simulated energy and water variables.

The most important soil parameters are porosity, lat-
eral saturated hydraulic conductivity, and the change of
hydraulic conductivity with soil depth. Porosity deter-
mines the maximum soil water content. Lateral satu-
rated hydraulic conductivity controls the rate of water
movement in the soil column. Porosity and lateral satu-
rated hydraulic conductivity, together, to a large extent,

Copyright © 2011 John Wiley & Sons, Ltd.

determine the partition of water between the soil col-
umn and stream channel. Maximum infiltration capac-
ity did not affect streamflow in PKEW when it was
shifted downward, perhaps implying that the mean value
obtained from the literature and measurement is too high.

Basin sensitivity

Table II shows that, in the forest scenario, soil moisture
is more sensitive to soil parameters in PKEW than in
CRB. Flow variables, including mean daily (monthly)
flow, peak flow, and dry season flow, are more sensitive
to vegetation parameter control than soil moisture in both
basins. In PKEW, soil parameters exert more control on
flow than in CRB. Net radiation is controlled mostly
by vegetation parameters in both basins. In CRB, soil
volumetric thermal capacity also has some influence on
net radiation.

For the grassland scenario (Table II), soil moisture was
influenced by more soil parameters in PKEW than in
CRB. Vegetation properties are more important in CRB

Hydrol. Process. 25, 2405-2421 (2011)
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Table III. Comparison of parameter sensitivity as identified by bias and root mean square error (RMSE). S: both bias and RMSE
found the same parameters to be sensitive; D: bias and RMSE identified different sensitive parameters. The analysis was not restricted
to the top 5 sensitive parameters as shown in Table II, and thus not directly comparable to Table II

Basins CRB

PKEW

Land cover scenario Forest

Grassland

Forest Grassland

Parameter change Increased Decreased

Increased Decreased

Increased Decreased Increased Decreased

First layer daily soil moisture S
Daily net radiation D
Daily/monthly streamflow D
Daily peak flow D
Dry seasonal daily flow S

v AvAvAvAw)
v AvAvAwRZ)

[ ZAvAvAwRZ
CAvAwRZRZ]
[ZAvAZRvAv)
[ ZAvAvRwRZ
nurnvnn

than in PKEW in the flow simulation. Soil properties
do not strongly control net radiation. Soil parameters are
more important in the flow and soil moisture simulation
for the grassland than for the forest.

Bias vs RMSE

Sensitive parameters are generally identifiable in terms
of both bias and RMSE. However, in some cases,
bias and RMSE analyses identified different parameters
as being most sensitive. Table III shows similarities
and differences in results obtained by bias and RMSE
analyses for six variables in CRB and PKEW, for
both forest and grassland. For first-layer soil moisture,
sensitivity based on bias and RMSE give similar results.
For peak flow, however, bias and RMSE analyses mostly
give different results. When decreasing parameter values
in PKEW grassland, bias and RMSE analyses resulted in
equivalent sensitivity rankings.

Non-linearity

Figures 4—11 show comparisons of parameter value
increases and decreases in PKEW and CRB for forest and
grassland. In general, perturbations of sensitive parame-
ters produce large bias and RMSE values regardless of
whether the parameter values are increased or decreased.
However, in some cases, an increase (decrease) caused
large change, but decrease (increase) caused minimal to
small change, for example, hemisphere fractional cover-
age, vapour pressure deficit, and maximum infiltration
capacity in the PKEW forest scenario, and minimum
stomatal resistance in the CRB forest scenario. Although
an increase in a parameter value always results in bias in
the opposite direction of that resulting from a decrease
in the parameter, the figures show that the size of the
biases in opposite directions generally differ, reflecting
the non-linear model response.

DISCUSSION

OFAT analysis is largely consistent with experience
gained in the prior model calibration in PKEW and
CRB (Cuo et al., 2006, 2009) and confirms the impor-
tance of soil hydraulic properties such as lateral satu-
rated hydraulic conductivity and porosity for simulating

Copyright © 2011 John Wiley & Sons, Ltd.

streamflow and soil moisture variables. The study also
identified the importance of forest canopy characteristics
indicating that using the default forest canopy parameter
values may not improve calibration in some basins.

Wagener et al., (2009) found that parameter sensitiv-
ity for streamflow simulation depends on which statistical
objective function is used. The current study confirms that
parameter sensitivity depends on the choice of statisti-
cal objective function for soil moisture, net radiation and
streamflow variables (Figures 4—11). Thus, it is neces-
sary to examine both bias and RMSE to identify sensitive
parameters. Depending on the variables examined, the
difference could be minimal or large.

Van Werkhoven et al., (2008a) analysed the Sacra-
mento Soil Moisture Accounting Model simulated
streamflow using multiple objective functions that rep-
resent various aspects of the hydrograph, and found that
parameter sensitivities varied with the averaging period.
Here, we analysed mean daily and monthly streamflow in
PKEW and CRB. Obviously, bias was not affected by the
averaging period. For the RMSE analysis (Figures 4, 5, 6,
and 7), the same parameters were found to be sensitive,
but to different extents. The difference in parameter sensi-
tivity implies that good daily streamflow calibration does
not necessarily assure good monthly streamflow simula-
tion, and vice versa.

The two study basins were distinct in climate, soil,
and vegetation. The analysis showed that parameter
sensitivity was basin-specific, which is in agreement with
previous studies (Bastidas et al., 2006; van Werkhoven
et al., 2008a). The main differences between PKEW and
CRB parameter sensitivity are in vegetation and soil
property dominance. In Cedar, overstory properties have
more weight than in PKEW for simulating soil moisture
and streamflow. Soil properties are more important in
PKEW than in CRB.

The major differences in the model setup between
two basins were the basin size (PKEW: 1 km?, CRB:
469 km?), grid cell resolution (PKEW: 50 m; CRB:
150 m) and model running time step (PKEW:1 h; CRB:
3 h). In this study, we used spatially and temporarily
aggregated variables to minimize the effects of the
differences in model setup. If the simulation results
were analysed in distributed mode and the time step
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were not aggregated to daily, but remained model-
dependent, the setup differences could have more effect
on the sensitivity results. For example, Liang et al.,
(2004) found that Variable Infiltration Capacity-model
parameters calibrated at a coarse resolution can be applied
to finer resolutions to obtain generally comparable results,
however, the reverse is not reliably applicable.

One limitation of this study is the uncertainty in the
estimated means and standard deviations of some parame-
ters in Table I. The statistics of some parameters may not
accurately represent those of their populations because of
limited sample sizes. For example, the statistics of over-
story albedo for temperate coniferous forest were derived
from 19 samples (Breuer et al., 2003), while about 106
samples of coniferous LAI were used to infer its mean
and standard deviation (Breuer et al., 2003). The uncer-
tainty in parameter statistics could help to explain, to
some extent, the lack of sensitivity of vertical saturated
hydraulic conductivity and maximum infiltration capacity
in CRB, and of overstory albedo and the positive shift
in maximum infiltration capacity in PKEW. The limita-
tion may also help to explain the non-linear response of
the model to increases and decreases in parameter values.
These parameter sampling issues call for more field mea-
surement of overstory albedo, vertical saturated hydraulic
conductivity, and maximum infiltration capacity in the
respective environments.

Parameter sensitivity analysed in a basin-averaged
format at an averaged daily time step (with uniform land
cover and soil types) is able to identify basin-wide and
basin-specific parameter sensitivity which satisfies the
goal of the study. However, the analysis cannot account
for the spatial variability of parameter sensitivity in
individual basins. It was previously shown that DHSVM
parameter sensitivity (for streamflow) is spatially variable
in PKEW (Cuo, 2005). For example, within PKEW, the
sensitive soil and vegetation parameters of cells located
close to the basin outlet had more influence on streamflow
than parameter values in other cells. Van Werkhoven
et al., (2008b) also found that model parameter sensitivity
varies with rainfall distribution and the location of the
cell in relation to the basin outlet. To study the spatial
variability of parameter sensitivity in individual basins,
distributed analysis should be followed.

CONCLUSION

Using one-factor-at-a-time analysis, this study compared
parameter sensitivity in simulating energy balance and
hydrological variables in a tropical and a temperate catch-
ment. Bias and RMSE of net radiation, soil moisture,
daily and monthly average flow, peak flow, and dry sea-
son flow were examined by increasing and decreasing
DHSVM parameter values for forest and grassland sce-
narios. Parameter sensitivity was found to be both basin-
specific and statistical objective function-specific. The
increase and decrease of parameter values caused bias
in opposite directions, but usually in unequal amounts,
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demonstrating the non-linear model response to some
variables. The lack of sensitivity of the model to over-
story albedo in PKEW, and vertical saturated hydraulic
conductivity and maximum infiltration capacity in CRB,
may have resulted from insufficient parameter sample
sizes, suggesting the need for more field observation.

Regardless of basin (tropical versus temperate) or
land cover scenario (forest versus grassland), the follow-
ing parameters should be given special attention during
model calibration: lateral saturated hydraulic conductiv-
ity, exponential decrease rate of Ky, porosity, minimum
stomatal resistance, vegetation height, LAI, and vapour
pressure deficit. For forested catchments, canopy over-
story fractional coverage, hemisphere fractional coverage
and trunk space are also important. More attention should
be given to vegetation parameters in catchments located
in humid marine temperate climates than in tropical mon-
soon climates. Also, calibration efforts should place more
emphasis on the soil and understory properties when
grassland is a dominant land cover.
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