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ABSTRACT: A physically based distributed hydrological model, MIKE SHE, was used to evaluate the effects of
altered temperature and precipitation regimes on the streamflow and water table in a forested watershed on the
southeastern Atlantic coastal plain. The model calibration and validation against both streamflow and water
table depth showed that the MIKE SHE was applicable for predicting the streamflow and water table dynamics
for this watershed with an acceptable model efficiency (E > 0.5 for daily streamflow and >0.75 for monthly
streamflow). The simulation results from changing temperature and precipitation scenarios indicate that climate
change influences both streamflow and water table in the forested watershed. Compared to current climate con-
ditions, the annual average streamflow increased or decreased by 2.4% with one percentage increase or decrease
in precipitation; a quadratic polynomial relationship between changes in water table depth (cm) and precipita-
tion (%) was found. The annual average water table depth and annual average streamflow linearly decreased
with an increase in temperature within the range of temperature change scenarios (0-6�C). The simulation
results from the potential climate change scenarios indicate that future climate change will substantially impact
the hydrological regime of upland and wetland forests on the coastal plain with corresponding implications to
altered ecosystem functions that are dependent on water.
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INTRODUCTION

Forested wetlands play a key role in the landscape
controlling flooding and nonpoint source pollution
(EPA, 2005), sequestering carbon (Trettin and Jur-
gensen, 2003), and providing wildlife habitat. These

ecosystem functions are sensitive to changes in the
hydrological regime (Carter, 1986; Conner et al.,
2002; Kozlowski, 2002; Haukos and Smith, 2006). For
example, water-level rise in Louisiana has increased
the mortality of flood intolerant plants (Conner et al.,
2002), while drought was shown to cause a reduction
of hydrophilic plants in Carolina bays in South
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Carolina (Mulhouse et al., 2005). With respect to
hydrologic function of watersheds, runoff and water
storage are highly affected by the proportion of
wetlands within the watershed (Winter, 1988; Verry,
1997). Accordingly, an understanding of the likely
changes in hydrological regimes that may be induced
by climate change is needed to develop strategies to
sustain wetland functions.

The hydrology of wetland-dominated watersheds,
especially first-order watersheds on the Atlantic
coastal plain, is heavily dependent on precipitation
and evapotranspiration (ET) (Sun et al., 2006). There-
fore, climate change, including alterations in temper-
ature and precipitation (IPCC, 2001; Wentz et al.,
2007; Zhang et al., 2007), may be expected to signifi-
cantly influence the hydrology of wetland-dominated
watersheds (Sun et al., 2006). Climate change is pro-
jected to affect water resources in the southern Uni-
ted States (U.S.) generally (Sun et al., 2008), and
alter wetland hydrology directly (Lu et al., 2009).
Many studies on the potential effects of climate
change on coastal wetland ecosystems focus on losses
due to sea-level rise caused by global warming (Nich-
olls, 2004). However, increased air temperatures in
the mid-latitudes without changes in precipitation
(IPCC, 2007) may be expected to increase ET thereby
changing the water balance (Zhang et al., 2007). The
corresponding impacts on an altered coastal wetland
hydrology as a result of climate change has been
the subject of several recent studies (Nicholls et al.,
1999; Burkett and Kusler, 2000; Scavia et al., 2002;
Nicholls, 2004; Erwin, 2009).

Hydrologic models can be an effective tool for
assessing the potential effects of climate change on
wetland hydrology and the corresponding ecosystem
functions (Freeman et al., 1995; Mansell et al., 2000;
Amatya and Skaggs, 2001; Arnold et al., 2001; Miller
et al., 2003; Christensen et al., 2004; Dibike and
Coulibaly, 2005; Sun et al., 2006; Maurer, 2007;
Martinez et al., 2008; Lu et al., 2009). However, most
applications are with field scale models which may
have difficulties describing hydrological processes in
low topographic relief watersheds with complicated
soil and vegetation distributions that are characteris-
tic of the coastal plain (Amatya et al., 2003; El-Sadek,
2007). The distributed hydrological model MIKE SHE
(DHI, 2005) has been tested on multiple sites in the
U.S. (Sahoo et al., 2006; Lu et al., 2009) and around
the world (Graham and Butts, 2005; Mernild et al.,
2008; Vázquez et al., 2008; Staes et al., 2009), and
been shown to be well suitable for simulating the
hydrology of watersheds containing both uplands and
wetlands. Accordingly, our objective was to overcome
limitations of models that are not well suited to the
low relief landscape of the coastal plain, and use
MIKE SHE to quantify effects of potential climate

change scenarios on streamflow and water table
dynamics of a first-order wetland watershed thereby.
MIKE SHE was calibrated and validated by using
two measured hydrological parameters (streamflow
and water table), and then used to simulate hydrol-
ogy for 18 different climate change scenarios based
on predicted temperature increases (IPCC, 2007) and
precipitation changes (Wentz et al., 2007; Zhang
et al., 2007). Our intent was to expand the consider-
ation of scenarios to better assess the effects associ-
ated with wide variety of potential climatic
conditions.

METHODS

Study Site

A gauged forested watershed that contains both
uplands and wetlands, and is characteristic of the
southeastern Atlantic coastal plain was used for this
study. The watershed (WS-80) is located at 33.15�N,
79.8�W on the Santee Experimental Forest 55 km
northwest of Charleston, South Carolina (Figure 1).
This 160 ha first-order watershed drains into Huger
Creek, a tributary of the East Branch of the Cooper
River. The watershed boundary is bordered by roads
which preclude surface flow across the divide. WS-80
is the reference watershed in a paired watershed sys-
tem (Figure 1). The climate is subtropical, character-
ized by short, warm, and humid winters and long
and hot summers (Sun et al., 2000a); the annual
average temperature is 18.7�C based on the 30-year
average (1971-2000), and average annual precipita-
tion is 1,350 mm (Amatya et al., 2003). The elevation
of WS-80 is between 4 and 10 m above mean sea
level, the topography is planar, the slope is <4%, and
approximately 23% of the watershed is classified as
wetlands (Sun et al., 2000a; Harder et al., 2007). The
predominant forest cover types are bottomland hard-
woods in the wetland riparian zone and mixed pine-
hardwoods elsewhere. The dominant trees are loblolly
pine (Pinus taeda L.), sweetgum (Liquidambar
kstyraciflua), and a variety of oak species (Quercus
spp.) in both the uplands and bottomlands (Hook
et al., 1991; Harder et al., 2007). The forest vegeta-
tion was heavily impacted by hurricane Hugo in
1989. Following the hurricane, the forest regenerated
naturally yielding dense stands. The soils, developed
in coastal plain sediments, are characterized by loam
or sandy loam surface horizons overlaying a clayey
subsoil. Average clay content is £30% in surface soil
(upper 30 cm) and 40-60% in subsoil (>30 cm). The
drainage classification ranges from moderately well
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in the uplands to poorly drained in the riparian wet-
lands (SCS, 1980).

Field Measurements and Data Collection

Precipitation and air temperature were measured
in WS-80 at hourly intervals. The data were pro-
cessed to supply daily values. Additional meteorologi-
cal data were collected at 30-min intervals at a
weather station at the Santee Experimental Forest
Headquarters about 3 km away from WS-80 for esti-
mating potential evapotranspiration (PET); these
data included precipitation, solar radiation and net
radiation, wind speed, wind direction, temperature,
vapor pressure, and relative humidity. The Penman-
Monteith method was used to estimate hourly and
daily PET (Monteith, 1965; Xu and Singh, 2005;
Harder et al., 2007).

Water table depth data were provided by two auto-
matic recording wells and eight manual wells in WS-
80. The automatic recording wells were installed in
an upland area (2.3 m deep) and a riparian zone
(57 cm depth before March of 2004 and 94 cm after-
wards) to record water table elevation at 4 hour
intervals (Figure 1) (2003-2007). The data were pro-
cessed to obtain daily values which were further pro-
cessed to obtain annual averages. The eight manual
wells (‡2 m deep) were installed across the watershed
(Figure 1) with biweekly observations taken during
2003-2004. Streamflow was measured based on stage-
discharge relationships of a compound V-notch weir

where stage was measured at 10 min intervals.
Streamflow was calculated using a standard rating
curve developed for the weir (Harder et al., 2007),
and integrated into daily, monthly, and annual val-
ues. To compare precipitation with streamflow, the
streamflow was normalized from cubic meters per
second (cms) to mm per day by dividing the
watershed area. The measured annual streamflow
and water table depth are presented in Table 1.

Leaf area index (LAI) was calculated from direct
measures of leaf biomass (Lloyd and Olson, 1974;
Bréda, 2003); supplemental measures of LAI were
also taken periodically through one year using a

FIGURE 1. Watershed WS80 on Atlantic Coastal Plain, South Carolina. (W1-W10 are the identification number of wells.)

TABLE 1. The Measured Water Table,
Streamflow and Rainfall in Watershed WS80.

Year
Rainfall

(mm)

Streamflow
(mm ⁄ day)

Water Table Depth
From Ground
Surface* (m)

M S R2 E M S R2 E

2003 1,671 2.01 2.00 0.62 0.55 0.58 0.63 0.88 0.87
2004 962 0.28 0.37 0.63 0.56 0.88 0.98 0.79 0.76
2005 1,540 0.84 0.82 0.66 0.63 0.77 0.86 0.77 0.75
2006 1,255 0.38 0.52 0.83 0.81 1.02 1.09 0.66 0.65
2007 923 0.16 0.21 0.78 0.78 1.06 1.26 0.73 0.56

*The water table depth is the distance from ground surface to
water table level where it is below the ground surface, and annual
average water table depth from all wells. M is the measurement;
S is the simulation; R2 is the coefficient of determination; E is
Nash-Sutcliffe model efficiency; the unit of streamflow is mm per
day, normalized from cubic meters per second (cms).
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LI-2000 leaf area meter. The physical soil properties
were obtained from soil survey (SCS, 1980). Soil mois-
ture retention was also measured in three typical pro-
files by Harder et al. (2007). Topography was obtained
from a topographic survey of WS-80 at a scale of
1:200, which was used to produce 15 cm contours.

The MIKE SHE Model

MIKE SHE (DHI, 2005; Graham and Butts, 2005;
Sahoo et al., 2006) is a physically based distributed
hydrological modeling system with the capability of
simulating all of the major processes of the terrestrial
hydrological cycle, including three-dimensional (3D)
water movement in soil profiles, 2D water movement
of overland flow and 1D water movement in riv-
ers ⁄ streams, and ET. Detailed descriptions of the
model and algorithms can be found in many publica-
tions, including Abbott et al. (1986a,b), DHI (2005),
and Graham and Butts (2005), and examples of its
recent applications to simulate watershed hydrology
are provided by Graham and Butts (2005), Mernild
et al. (2008), and Staes et al. (2009). For this study,
the saturated flow was simulated using the 3-D
Finite Difference method (DHI, 2005). The primary
input for simulating saturated flow is soil hydraulic
properties, including horizontal and vertical hydrau-
lic conductivities, specific yield, and storage coeffi-
cient. The simulation of subsurface flow was included
in this study, which requires a drainage depth (from
the phreatic surface to the point where the flow
of drainage water can be produced) and a drainage
constant.

Unsaturated flow and ET were simulated using the
Two-Layer Water Balance model designed for applica-
tions in the areas with a shallow groundwater table
(Yan and Smith, 1994; DHI, 2005). The model divides
the unsaturated zone into a root-zone where ET
occurs, and a below-root-zone where ET does not occur
(Yan and Smith, 1994). The input for simulating
unsaturated flow and ET includes the vegetation
characterized by LAI and plant rooting depth, and the
physical soil properties including a constant infiltra-
tion capacity and the soil moisture contents at the wilt-
ing point, field capacity and saturation. Overland flow
was simulated using 2D diffusive wave approximation.
The input includes surface detention storage, initial
water depth, and surface roughness (Manning M that
is the inverse of Manning’s n, and typically ranges
from 10 to 100) (DHI, 2005). Channel ⁄ streamflows and
channel surface water and upland groundwater inter-
actions were modeled by coupling of MIKE SHE and
MIKE 11 tracking stream water level using a fully
dynamic wave version of Saint Venant equations
(DHI, 2005).

Model Setup and Parameterization

In this study, MIKE SHE was coupled with the
flow routing model MIKE 11, a one-dimensional
river ⁄ channel water movement model, to simulate
the full hydrological cycle of the watershed, including
ET, infiltration, unsaturated flow, saturated flow,
overland flow, and streamflow. The main input
parameters for model setup include spatial data on
topography, soils, land cover (i.e., LAI), drainage net-
work, and temporal (daily) data on precipitation and
PET.

As a distributed model, the 160 ha watershed (Fig-
ure 1) was divided into 675 (50 m · 50 m) cells. The
parameters describing vegetation and physical soil
properties were spatially distributed based on the
occurrence within the watershed. Those parameters
included horizontal and vertical hydraulic conductiv-
ity, specific yield, infiltration capacity, and the soil
moisture contents at the wilting point, field capacity
and saturation (Table 2). The drainage depth, surface
detention storage, plant rooting depth, Manning M,
initial water depth, ET surface depth, drainage time
constant, and coefficient of canopy interception were
initialized by default and empirical values (Table 2),
and then they calibrated using observed streamflow
and water table depth. As deep seepage only accounts
for a small fraction of total precipitation on Atlantic

TABLE 2. Mainly Initial Parameters
for MIKE SHE Simulation Model.

Parameter Value

Plant rooting depth [mm] 500
Leaf area index (LAI) [m2 ⁄ m2] 0.2-6.6 (2.8

on average)
Potential evapotranspiration (PET)
[mm ⁄ day] (P-M)

0.0-7.5

Surface detention storage [mm] 50
Manning M [m1 ⁄ 3 ⁄ s]� 40�
Initial water depth [m] 0
Soil water content at saturated
conditions (WCSC) [m3 ⁄ m3]

0.4-0.496

Soil water content at field capacity
(WCFC) [m3 ⁄ m3]

0.3-0.458

Soil water content at wilting point
(WCWP) [m3 ⁄ m3]

0.2-0.38

Infiltration [·10)6 m ⁄ s] 1-100
ET surface depth [m] 0.2
Horizontal hydraulic conductivity [·10)6 m ⁄ s] 10-800
Vertical hydraulic conductivity [·10)6 m ⁄ s] 1-80
Specific yield [m3 ⁄ m3] 0.012-0.09
Drainage depth [m] 0.5
Drainage time constant [per second] 1e-07
Cint [mm]* 0.20

*Cint is the coefficient of canopy interception used in MIKE SHE
(DHI, 2005); daily PET is based on Penman-Monteith (P-M) (Xu
and Singh, 2005).

�Manning M = (Manning’s n))1.
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coastal watersheds (Heath, 1975; Riekerk et al., 1979;
Harder et al., 2007), it was assumed to be negligible.

Simulation Time Steps

MIKE SHE has the flexibility of using variable
simulation time steps for different hydrological mod-
eling components and flow characteristics (DHI,
2005; Zhang et al., 2008). However, the maximum
allowed time step for every modeling component
should be specified because MIKE SHE automatically
adjusts its time steps within the maximum allowed
time steps. In this study, the maximum allowed time
steps were set to 2 hours for unsaturated flow, over-
land flow and ET, 4 hours for saturated flow, and
10 min for MIKE 11 (e.g., streamflow). The variable
step rate (0-1) for reducing time step length was set
to 0.05. The time steps for outputs were set to
4 hours for streamflow and 24 hours for water table;
and the streamflow outputs were integrated into
daily, monthly, and yearly values.

Model Calibration and Validation

Unlike most previous studies that used either
streamflow or water table, we used both streamflow
and water table observed for the model calibration
(2003-2004) and validation (2005-2007). This is
because distributed hydrological models should be
evaluated by using more than one measurable param-
eter (i.e., multiple criteria), including distributed
measurable parameters (Shrestha and Rode, 2008).
Model calibration and validation using these two
variables should allow for closer examination of the
internal consistency of the model, and for evaluating
whether some components of the model are biased
due to the spatial and temporal variability of the
water table (Ambroise et al., 1995; El-Nasr et al.,
2001). Several quantitative methods were used to
evaluate the model calibration and validation, includ-
ing the model efficiency (E) (Nash and Sutcliffe,
1970), the coefficient of determination (R2), and root
mean squared error (RMSE). Model calibration was
evaluated by minimizing RMSE and maximizing E of
both daily streamflow and daily water table depth as
objective functions. Model performance evaluation
was performed based on the measure of E values sug-
gested by Moriasi et al. (2007).

The climatic and hydrological data in 2003 and
2004 were used for model calibration; 2003 was extre-
mely wet, with annual precipitation of 1,671 mm,
which was 320 mm higher than the 30 year (1971-
2000) average of 1,350 mm, and had an 84 mm storm
event from Hurricane Isabelle. In contrast, 2004 was

a dry year, with annual precipitation of 962 mm, and
a high intensity precipitation event with over
130 mm of precipitation on August 29, 2004. The data
from 2005 to 2007 were used for the model validation.
These three years were drier than 2003. The precipi-
tation in these three years was 130, 410, and 750 mm
less than 2003, respectively; 2007 was an extremely
dry year, with 430 mm less precipitation than the
30 year average. The large difference in precipitation
within these years yielded significant year-to-year
variations of streamflow and water table depth
(Table 1). Accordingly, large climatological and hydro-
logical changes within these years provided a good
basis for model assessment. This also provided a
basis to examine whether the calibrated model could
perform equally as well when compared to another
time period with a substantial difference in precipita-
tion (Kirchner, 2006).

Model Applications

Eighteen climate change scenarios were developed
to assess the responses of the watershed hydrology to
altered climatic conditions in terms of the variations
of daily and monthly streamflow and daily water
table depth (Table 3). Current climate conditions

TABLE 3. Scenarios for Simulating Hydrologic
Responses in Watershed WS80.*

Code Description

CCC Actual climate conditions
PIN1 Precipitation increased by 2% only
PIN2 Precipitation increased by 5% only
PIN3 Precipitation increased by 10% only
PIN4 Precipitation increased by 15% only
PIN5 Precipitation increased by 20% only
PDE1 Precipitation decreased by 5% only
PDE2 Precipitation decreased by 10% only
PDE3 Precipitation decreased by 15% only
TIN1 Temperature increased by 1�C only
TIN2 Temperature increased by 2�C only
TIN3 Temperature increased by 3�C only
TIN4 Temperature increased by 4�C only
TIN5 Temperature increased by 5�C only
TIN6 Temperature increased by 6�C only
PNT1 Combining temperature increase by 2�C with

precipitation increase by 5%; PNT1 = TIN2 + PIN2
PNT2 Combining temperature increase by 2�C with

precipitation increase by 10%; PNT2 = TIN2 + PIN3
PNT3 Combining temperature increase by 2�C with

precipitation increase by 15%; PNT3 = TIN2 + PIN4
TVP Combining temperature increased by 2�C with

precipitation decreased by 10%; TVP = TIN2 + PDE2

*Precipitation increase for the scenarios PNT1, PNT2 and PNT3
was assumed based on the results reported by Wentz et al. (2007)
and Zhang et al. (2007). Temperature increase was assumed based
on Climate Change 2007 of IPCC (2007).

DAI, TRETTIN, LI, AMATYA, SUN, AND LI

JAWRA 1040 JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION



(scenario CCC) in a five-year time span (2003-2007)
were used as the baseline for the comparison to the
climate change scenarios. All scenarios were designed
in the same time span. The five scenarios of precipi-
tation increase (by 2, 5, 10, 15, and 20%) and three
scenarios of precipitation decrease (by 5, 10, and
15%) assumed that the other climate conditions
would not change in the watershed in the five-year
simulation period. These eight scenarios of changes in
precipitation were developed based on the precipita-
tion increase in the last two decades as reported by
Wentz et al. (2007) and on the precipitation decrease
in tropical and subtropical areas as reported by Zhang
et al. (2007). The scenarios for combining temperature
increase (2�C) with precipitation increase (by 5% for
PNT1, 10% for PNT2, and 15% for PNT3) were devel-
oped based on the precipitation increase at a rate of 6-
7% per �C brought by global warming in the last
20 years as reported by Wentz et al. (2007). The six
scenarios of temperature increase (by 1, 2, 3, 4, 5, and
6�C) were developed based on a warming of approxi-
mately 0.2�C per decade in the following two decades
projected for a range of emission scenarios (Special
Report on Emission Scenarios) (IPCC, 2000) and the
temperature change ranged from 1 to 6�C in the 21st
Century given by six emissions marker scenarios
(IPCC, 2007). The Penman-Monteith PET was recalcu-
lated for the scenarios with changing temperature
based on the assumption that global warming would
elevate the air temperature in the future without
changing other climate conditions in the watershed.

RESULTS AND DISCUSSION

Model Calibration

The initial model calibration showed that stream-
flow and water table were sensitive to drainage
depth, the depth from the ground surface where the
flow of drainage water can occur (calibrated range,
0.0-1.0 m). The E and RMSE indicated that water
table depth (E: )4.93-0.45, RMSE: 0.19-0.61 m) was
more sensitive to drainage depth than streamflow
(E: 0.50-0.64, R: 3.2-3.8). This differential effect of
drainage depth on the calibration of streamflow and
water table depth was due to an assumption of a uni-
fied drainage depth across the watershed. Although
WS-80 is considered planar, water table depth does
vary over 1 m between upland and riparian areas,
especially during dry periods. Therefore, a distributed
drainage depth, based on the physical characteristics
of the watershed [topography (slope) and the distance
to the stream], is essential to accurately represent

the spatial heterogeneity. The calibrated distributed
drainage depth ranged from 5 to 95 cm, averaging
35 cm with an acceptable model efficiency (E = 0.70
for daily streamflow and 0.78 for daily water table
depth).

Surface detention storage strongly influences water
table depth and streamflow. Despite the planar nat-
ure of this watershed, surface detention storage was
considered high due to the wetlands and heteroge-
neous surface micro-topography. The distributed
detention storage function was employed in the model
for WS-80 based on the distribution of wetlands and
surface topography. The calibrated depressional
depth ranged from 11 to 180 mm with an average of
36 mm, with an E of 0.70 for daily streamflow and
0.90 for daily water table depth. The average surface
detention storage (36 mm) in this study is comparable
to the depth of 4.0 cm used by Harder et al. (2006) in
their hydrological simulation using DRAINMOD
model on this site.

The calibrated plant rooting depth was 60 cm
(calibration range: 30-90 cm, E: 0.42-0.64, RMSE:
0.21-3.5 mm for streamflow; E: 0.05-0.54, RMSE:
0.17-0.24 m for water table depth). The horizontal
hydraulic conductivity was calibrated to 0.00001-
0.0001 m ⁄ s (calibrated range from 0.000001 to 0.005),
which is consistent with empirical values (Harder
et al., 2006), and related to the soil distribution
within the watershed. Manning M was determined to
35 m1 ⁄ 3 ⁄ s based on the calibration (range from 10 to
70). The calibration also showed that streamflow and
water table depth were not sensitive to vertical
hydraulic conductivity (0.0000005-0.005 m ⁄ s) or infil-
tration capacity (0.000001-0.001 m ⁄ s). Those results
indicate that deep seepage is negligible in this
watershed, which is consistent with previous studies
and assumptions (Heath, 1975; Riekerk et al., 1979;
Harder et al., 2007).

The time series comparison of measured daily
streamflow and simulated flow from MIKE SHE for
the calibration period is presented in Figure 2, and
the corresponding statistical values are presented in
Table 4a. During dry periods, streamflow was over-
predicted, for example, see June 20, July 2 and 3,
2003, August 29, 2004 (Figure 2). The overprediction
during these dry periods is mainly related to an arti-
fact of MIKE SHE which does not allow stream to
dry out (Lu et al., 2006). The R2 was 0.62, 0.63, and
0.64 for daily streamflow, and 0.97, 0.88, and 0.97 for
monthly streamflow in 2003, 2004, and the calibra-
tion period (2003-2004), respectively (Table 4a). The
E values were 0.55, 0.56, and 0.57 for daily stream-
flow, and 0.97, 0.82, and 0.97 for monthly streamflow
in the same periods. Based on the suggestion
that E > 0.75 for monthly flow represents a ‘‘very
good’’ model performance (Moriasi et al., 2007), the
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calibration of MIKE SHE for WS-80 was highly suc-
cessful. However, despite the overall high model effi-
ciency, the simulated daily average streamflow for
the dry year 2004 (0.37 mm ⁄ day) was higher than
the measured flow (0.28 mm ⁄ day). The difference in
daily average streamflow between observation and
simulation was attributed to the overprediction dur-
ing dry periods (Figure 2), especially on days when
heavy precipitation followed a dry period, such as
August 29, 2004. The stream draining WS-80 is inter-
mittent, as a result of a shallow stream bed (<50 cm
on average), and low water table levels during dry
periods in the growing season. However, MIKE SHE
maintained an extremely low flow during these dry
periods to prevent the stream from drying out. In
2004, a dry year, the annual precipitation in this area
was 390 mm less than the 30 year average of 1,350
and 710 mm less than that in 2003, and the stream
on WS-80 ran dry for 216 days. The low flow main-
tained by MIKE SHE in the stream yielded a ‘‘wet
stream bed’’ effect, which led to an overprediction of
streamflow during extended dry periods.

The temporal water table dynamics in the
watershed were well reflected by the simulation

(Figure 3a), despite some differences (e.g., July and
August 2003). A comparison of the observed vs. simu-
lated water table depth for 10 wells distributed across
the watershed showed that the simulation was in
agreement with the measurements with an error of
8 cm between simulated average and observed aver-
age for the two-year calibration period (Figure 3b).
A similar result was provided by the calculated R2

(0.50-0.88) (Table 4b) for each of the 10 wells in the
calibration period, and the E (0.82) and R2 (0.84) and
slope (b = 0.88) of the regression model between the
measurement and simulation for all wells in the cali-
bration period. These results demonstrate that MIKE
SHE was effective at simulating water table dynam-
ics in this watershed.

FIGURE 2. Time Series of Observed and Simulated Daily
Streamflow in 2003-2004. (MES, measurement; SIM, simulation.

Streamflow was normalized to mm per day per square meter.)

TABLE 4A. Measured and Simulated Streamflow
for Calibration Period (2003-2004).*

Year R2 E M S b

2003 daily 0.62 0.55 2.01 1.90 0.84
2003 monthly 0.97 0.97 61.2 57.7 0.97
2004 daily 0.63 0.56 0.22 0.30 0.80
2004 monthly 0.88 0.82 6.80 9.30 0.88
2003-2004 daily 0.64 0.57 1.12 1.10 0.84
2003-2004 monthly 0.97 0.97 34.0 33.5 0.97

*Daily streamflow is mm per day; monthly streamflow is mm per
month; R2 is the coefficient of determination; E is the model effi-
ciency; M is the mean of measurements; S is the mean of the sim-
ulations; and b is the slope of the regression model.

(a)

(b)

FIGURE 3. (a) Measured vs. Simulated Water Table at Well W3 in
2003-2004. (Note: This is a shallow well with WL40. Its maximum
depth was 57 cm below ground surface before March 2004, and
94 cm afterwards. Any observed data of water table level close to
the well bottom may be incorrect; missing data were due to the
equipment failure for some time and water table level below the
sensor.) (b) Measured vs. simulated water table depth synchronized
with time for 10 wells in 2003-2004. (Bar is the mean absolute
error between observation and simulation.)
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Model Validation

A comparison of measured and simulated daily
streamflow for the validation period (2005-2007) is
presented in Figure 4a. The model captured the
streamflow dynamics reasonably well during the vali-
dation period; however, an obvious overprediction
occurred on June 2, 2005, after a normal dry period.
Similar to calibration results, this overprediction is
attributed to the model artifact which sustains a wet
stream bed. The correspondence between measured
and predicted streamflow (R2 of 0.66-0.83 for daily
streamflow in 2005-2007, and 0.97-0.99 for monthly
streamflow) showed good agreement (Table 5a). Simi-
larly, the E-statistic (0.63-0.81 for daily streamflow
and 0.88-0.95 for monthly streamflow) showed that
MIKE SHE was applicable for the prediction of both
the daily and monthly streamflow dynamics in this
watershed (Moriasi et al., 2007). Similar to the cali-
bration results, MIKE SHE was able to capture the
water table dynamics effectively (Figure 4b and
Table 5b), with the simulated water table being in
good agreement with the observations (E: 0.65, and
R2: 0.71, n = 1988).

Model Applications

Streamflow Response to Climate Change. The
effect of altered precipitation regimes (scenarios
PIN1-PIN5 and PDE1-PDE3) on streamflow was
large and linear (Figure 5a). These results are similar
to other reports that have shown a high degree of
correspondence between streamflow with natural
fluctuation of precipitation (Karl and Riebsame, 1989)

and simulated precipitation regimes to reflect altered
climatic conditions (Poff et al., 1996; Sun et al.,
2000b; Amatya et al., 2006; Harder et al., 2007;
Qi et al., 2009). These simulation results corre-
sponded with the observed relationship between pre-
cipitation and streamflow in WS-80 between 1969
and 2007, which was a linear function (R2 = 0.51,

TABLE 4B. Measured and Simulated Water
Table for All Wells in 2003-2004.*

Well
ELE
(m)

Measured Simulated

R2
Significance

(p)Mean SD Mean SD

W1 9.2 )0.77 0.29 )0.82 0.37 0.50 <0.01
W2 8.2 )0.42 0.60 )0.57 0.40 0.59 <0.01
W3 9.1 )0.28 0.29 )0.33 0.39 0.78 <0.01
W4 8.8 )0.70 0.38 )0.81 0.37 0.55 <0.01
W5 9.6 )0.86 0.47 )0.87 0.35 0.66 <0.01
W6 8.7 )1.29 0.72 )1.45 0.42 0.66 <0.01
W7 8.1 )1.46 0.55 )1.49 0.40 0.74 <0.01
W8 5.6 )0.77 0.42 )0.94 0.39 0.78 <0.01
W9 5.5 )0.54 0.38 )0.66 0.38 0.78 <0.01
W10 8.6 )1.36 0.59 )1.23 0.64 0.88 <0.01

*R2 is the coefficient of determination; unit of water table depth is
meter and negative means water table level below ground surface;
SD is the standard deviation; ELE is the elevation of the wells
above mean sea level in meters; W1-W10 are the identification
numbers of wells (Figure 1).

(a)

(b)

FIGURE 4. (a) Time Series of Daily Streamflows Observed and
Simulated for Validation Period. (MES, measurement; SIM, simula-
tion. Streamflow was normalized to mm per day per square meter.)
(b) Measured and simulated water table at well W3 in 2005-2007.
(MES, measurement; SIM, simulation.)

TABLE 5A. Measured and Simulated Streamflow
for Validation Period (2005-2007).*

Year R2 E M S b

2005 daily 0.66 0.63 0.84 0.82 0.81
2005 monthly 0.98 0.95 25.5 24.9 0.85
2006 daily 0.83 0.81 0.38 0.50 0.83
2006 monthly 0.97 0.88 11.5 15.3 1.03
2007 daily 0.78 0.78 0.16 0.21 0.73
2007 monthly 0.99 0.94 4.9 5.7 0.80
2005-2007 daily 0.70 0.69 0.46 0.48 0.78
2005-2007 monthly 0.93 0.88 13.9 18.3 0.96

*Daily streamflow is mm per day; monthly streamflow is mm per
month; R2 is the coefficient of determination; E is the model effi-
ciency; M is the mean of measurements; S is the mean of the sim-
ulations; and b is the slope of the regression model.
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p < 0.01) producing a 2.3:1 proportional change (%)
between streamflow and precipitation (Dai et al.,
Unpublished). The simulated linear increase of 2.4%
in streamflow corresponding with 1% increase in pre-
cipitation was comparable to the response in the
Trend River basin in North Carolina where a 23%
increase in streamflow corresponded to a 10%
increase in precipitation (Qi et al., 2009). Risbey and
Entekhabi (1996) found a nonlinear relationship
between precipitation and streamflow in the Sacra-
mento Basin, California. These contrasting responses
between streamflow and precipitation are likely
affected by general climatic patterns and watershed
conditions, such as land use, soils, and water storage
(Rowe et al., 1994; Sun et al., 2000b).

Compared to current climate conditions (scenario
CCC), the annual average streamflow decreased at a
rate of approximately 5% per �C temperature increase,
within a 0-6�C range (scenarios CCC and TIN1-TIN6)
(Figure 5b). The monthly streamflow decreased by
1.0-11.6% per �C in the five-year period, and the
decrease was not related to monthly precipitation
(R2 = 0.06, n = 60, p > 0.05). Using the PRMS model
for the Trend River basin in North Carolina, Qi et al.
(2009) predicted a slightly higher rate, with stream-
flow decreasing by 15% with a corresponding increase
in temperature of 2.78�C. Eckhardt and Ulbrich
(2003) reported a similar result in their hydrological
modeling using Soil and Water Assessment Tool

(SWAT) (Arnold et al., 2001). The general decline in
streamflow corresponding to increasing temperature
is primarily in response to an increase in ET (Middel-
koop et al., 2001). In a pine plantation in eastern
North Carolina, Sun et al. (2000b) reported an 8.7%
increase in ET due to a 1.9�C temperature increase.
That change in ET relative to temperature (1:4.6) is
similar to the predicted change in streamflow on WS-
80, which is also strongly affected by ET.

The results from the two-factor scenarios (PNT1,
PNT2, and PNT3, which combined temperature
increase by 2�C with precipitation increase by 5, 10,
and 15%) showed that streamflow increased by 3.0,
12.5, and 28.7%, respectively. This result suggested
that the increase in streamflow was likely to be lar-
ger, if global warming would increase precipitation at
a rate higher than the 6-7% per �C reported by Wentz
et al. (2007) and Lambert et al. (2008). If the temper-
ature increased by 2�C and precipitation decreased
by 10% (scenario TVP, see Table 3), the streamflow
would decrease by 23.9% in wet years to as much as
38.5% in dry years. The decrease in streamflow given
by scenario TVP in dry years was equal to the sum of
the decreased streamflows resulted from scenario
TIN2 (temperature increase by 2�C) and scenario
PDE2 (precipitation decrease by 10%), but it was
about 2% less than the sum in wet years. A 2%
reduction in streamflow in wet years for scenario
TVP was due to the ET demand during low

TABLE 5B. Measured and Simulated Water Table for Automatic Wells in 2005-2007.*

Year

W3

R2

W7

R2

Measured Simulated Measured Simulated

Mean SD Mean SD Mean SD Mean SD

2005 )0.40 0.37 )0.48 0.47 0.89 )1.14 0.63 )1.13 0.51 0.66
2006 )0.50 0.33 )0.60 0.48 0.89 )1.45 0.73 )1.43 0.61 0.46
2007 )0.64 0.32 )0.76 0.43 0.85 )1.52 0.73 )1.66 0.52 0.54

*R2 is the coefficient of determination. There was not measured water table data from 2005 to 2007 for the manual wells; SD is standard
deviation.

(a) (b)

FIGURE 5. Effects of Changes in Precipitation (a) and Temperature (b) on Streamflow.
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precipitation periods, especially during the summer.
Compared to current climate conditions (scenario
CCC), streamflow response to increasing or decreas-
ing precipitation intensity in this watershed was very
significant ðR2 ¼ 0:997; p� 0:01Þ, and that reduced
precipitation or drought would substantially decrease
the streamflow.

Water Table Response to Climate Change. Water
table depth on WS-80 was sensitive (R2 > 0.99,
p < 0.01) to the climate change scenarios (Figure 6a).
The annual average water table level was higher for
scenarios of increased precipitation (PIN1-PIN5) and
lower when precipitation decreased (PDE1-PDE3) as
compared to the current condition (CCC) yielding a
quadratic polynomial function (Figure 6a). However,
the magnitude of changes in water table depth within
the watershed corresponded to the relative topo-
graphic position. The upland positions tended to exhi-
bit larger changes in water table depth as compared
to riparian or wetland areas. Similarly, Moorhead
(2003) reported that the water table depth of nontidal
wetlands in western North Carolina was substan-
tially influenced by variations in precipitation, and
drought reduced the average monthly water table
depth by 26 cm in a mountain fen and 22 cm in the
adjacent floodplain, demonstrating that precipitation
is one of the key factors to regulate the water table
level in nontidal wetlands.

Annual average water table depth decreased line-
arly with increasing temperature (scenarios TIN1-
TIN6) (Figure 6b), exhibiting a reduction of 1.9 cm
per �C temperature increase, within the simulated
range of 0-6�C. The predicted water table depth
changed by )0.6, +3.3, and +5.5 cm for scenarios
PNT1, PNT2, and PNT3 (combination of increased
temperature and precipitation), respectively, and
decrease of 20.2% (17.4 cm) for the TVP scenario
(combination of increased temperature and decreased
precipitation). These results highlight the strong
effect that ET has on water table dynamics in this
landscape. The PNT1 scenario exhibited a decline

despite the higher precipitation. The additional pre-
cipitation in PNT2 and PNT3 scenarios provided suf-
ficiently more water to overcome the ET demand
caused by the increased temperature. The TVP sce-
nario reflects a large decrease in water table level
due to the increased ET and decreased precipitation.
Eckhardt and Ulbrich (2003) showed similar results
that streamflow and water table depth were reduced
by over 50% due to enhanced ET by increased tem-
perature together with decreased precipitation.
Jutras et al. (2006) also provided an example that ET
was very important in regulating water table level in
forested wetlands, and changes in water table depth
were irrespective of soil types in their study
watershed. Since most climate change scenarios pre-
dict an increased temperature regime, it is likely that
the shallow water table characteristics of coastal
forests will be affected (Lu et al., 2009).

CONCLUSIONS

This is one of the few studies that have examined
the spatial and temporal hydrological dynamics of a
headwater watershed on the lower coastal plain using
a distributed hydrological model (MIKE SHE). Based
on five years of climatic data, the streamflow, and
water table responses demonstrated that MIKE SHE
was effective for simulating the streamflow and water
table depth. However, the model overpredicted
streamflow during dry periods, primarily due to an
artifact in the model that would not allow for no-flow
during prolonged dry conditions. The overprediction
of streamflow during dry periods highlights the chal-
lenges in modeling intermittent streamflow of first-
order watersheds. The multi-criteria calibration was
important to obtaining decent simulation results from
the physically based distributed, and highly parame-
terized hydrological model. Although the model cali-
bration using a distributed water table may enlarge

(a) (b)

FIGURE 6. Effects of Changing Precipitation (a) and Temperature (b) on Water Table.
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the bounds of the input uncertainties and increase
the application cost, it is advantageous for optimizing
input values and yielding results that allow assess-
ments of hydrological change within the watershed.

The simulation of multiple temperature and pre-
cipitation scenarios shows that the hydrology of the
forested coastal plain watershed is sensitive to cli-
mate change. The proportion of precipitation allo-
cated to streamflow is projected to correspond to
increases or decreases in precipitation. Similarly, the
projected effect of climate change on water table
depth is substantial. Changes in water table depth
are significant with either an increase or decrease in
precipitation and an increase in temperature. The
impact of drought on the water table depth in the
watershed is projected to be large.

The results from climate change scenarios indicate
that the hydrological regime of forested watersheds
on coastal plains is highly sensitive to changes in
annual precipitation and temperature. Those hydro-
logical effects are particularly critical to ecological
functions of the upland and wetland forest ecosys-
tems within the watershed. For example, watershed
predicted reduction in water table depth under some
scenarios would significantly shrink or end the exis-
tence of wetlands within the watershed. These results
demonstrate that the spatially explicit, mechanistic
hydrological model, MIKE SHE, is a useful tool for
assessing eco-hydrological changes that may be asso-
ciated with climate change for this type of coastal
forested watersheds.
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