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STREAMFLOW RESPONSE TO CLIMATE AND LANDUSE

CHANGES IN A COASTAL WATERSHED IN NORTH CAROLINA

S. Qi,  G. Sun,  Y. Wang,  S. G. McNulty,  J. A. Moore Myers

ABSTRACT. It is essential to examine the sensitivity of hydrologic responses to climate and landuse change across different
physiographic regions in order to formulate sound water management policies for local response to projected global change.
This study used the U.S. Geological Survey's Precipitation Runoff Modeling System (PRMS) model to examine the potential
impacts of climate and landuse changes on the monthly streamflow of the Trent River basin on the lower coastal plain of
eastern North Carolina. The model was first calibrated and then validated using measured, historic, long‐term daily
streamflow. The model performed satisfactorily for simulating monthly streamflow, as indicated by an overall Nash‐Sutcliffe
simulation efficiency greater than 0.85. We examined the sensitivity of streamflow to changes in air temperature and
precipitation. The simulations suggested that streamflow of individual years could change from -93% to 238%, depending
on the two global circulation model (GCM) scenarios used (i.e., HadCMSul2 and CGC1). Streamflow of the Trent River will
decrease with an increase in air temperature, and increase (or decrease) with an increase (or decrease) in precipitation.
Streamflow was more sensitive to prescribed changes in precipitation than to air temperature for the study area, given its high
and stable evapotranspiration rates in the humid climatic environment. Seven hypothetical landuse change scenarios
representing forest conversion to crop lands and urban areas indicated that water yield could increase by 14% to 20%. The
likely impacts of landuse changes may not be as high as those caused by predicted changes in climate, but moderate
urbanization and extreme hydrologic events caused by climate change could pose significant water quantity and quality
problems in the Trent River basin.
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ocietal demands for water have increased due to rap‐
id population growth, water pollution, and climate
change across the U.S. (Postel et al., 1996). The
southeastern U.S. will experience a likely 40% in‐

crease in population on average between 2000 and 2025, with
much of the growth being on the coastal region (NPA Data
Services, Inc., 1999). This rapid increase in population and
associated landuse change (Wear and Greis, 2002) and water
degradation will further stress the water resources and eco‐
systems in the coastal zones. Climate change and climate
variability due to global warming add new dimensions to
modern water resource management, as climate change may
further stress water availability for human and natural eco‐
systems at a large scale (National Assessment Synthesis
Team, 2000). Seasonal droughts that have occurred in North
Carolina and around the southeastern U.S. in the past several
years have exposed the vulnerability of the public water sup‐
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ply to climate variability and ever‐increasing water demand
in a traditionally “water‐rich” region. Quantifying stream‐
flow response to potential impacts of climate change and
variability is the first step to developing long‐term water re‐
source management plans.

Landuse change alters the hydrologic cycles by affecting
ecosystem evapotranspiration, soil infiltration capacity, and
surface and subsurface flow regime (Skaggs et al., 2006; Sun
et al., 2004). Empirical manipulation studies on the effects of
landuse and climate changes on water resources have been
limited at the watershed scale (Rose and Peters, 2001). Ex‐
periments and data analyses have been rarely done for large
basins. Since it is not feasible to conduct vegetation manipu‐
lation studies for large basins, hydrologists often use routine
monitoring data to detect hydrologic changes due to historic
landcover changes (Trimble and Weirich, 1987). During the
past century, the effects of deforestation and reforestation on
watershed hydrology have been well studied around the
world (Andreassian, 2004; Brown et al., 2005), in the south‐
eastern U.S. (Sun et al., 2001, 2004; Jackson et al., 2004), and
in North Carolina (Swank et al., 2001; Skaggs et al., 2006).
Such studies used a “paired watershed” approach or analyzed
long‐term hydrologic data for a single watershed that experi‐
enced landcover and landuse change (Bosch and Sheridan,
2006). Overall, past studies suggest that the magnitude of
hydrologic response to landcover change varies with climate,
geology, soil, and vegetation growth status (e.g., vigor, age)
(Chang, 2002; Barlage et al., 2002; Brian et al., 2004). Future
watershed hydrologic changes due to land conversion are ex‐
pected to be site‐specific, and climate variability is an impor‐
tant factor controlling basin hydrologic processes.

S
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Climate change is about hydrologic change. Climate
change and variability have both direct and indirect effects on
the hydrologic cycle at multiple scales by altering the physi‐
cal and biological processes of ecosystems (McNulty et al.,
1997). Climate change directly affects precipitation amount
and intensity and potential evapotranspiration (Calder et al.,
1995). It indirectly affects plant water use efficiency, and
therefore total evapotranspiration, through altering plant
growth rate and species composition.

Hydrologic models provide a framework for examining
the complex effects of both climate and landuse changes on
watershed hydrology (Leavesley, 1994; Amatya et al., 1997;
Arnold et al., 1998; Legesse et al., 2003; Xu, 2000; Arnold
and Fohrer, 2005). Physically based, distributed models that
represent the spatial variability of land surface and climatic
characteristics  are most useful for examining the hydrologic
effects of landuse change and climate variability for large ba‐
sins (Andersen et al., 2001; Borah and Bera, 2003). Computer
modeling is perhaps the only means by which to study the in‐
dividual and combined impacts of multiple factors on wa‐
tershed hydrology for large regions (Refsgaard, 1987; Lorup
et al., 1998; Rosenberg et al., 1999). Simulation models are
available to begin to address climate change issues in the
southeast at the watershed to regional scales. Climate change
impact studies have been conducted at the national scale
(Wolock and McCabe, 1999; Rosenberg et al., 2003), across
the southeastern region (McNulty et al., 1997; Sun et al.,
2008), and for a large watershed scale (Nash and Gleick,
1991). For example, Stone et al. (2001) used the SWAT model
(Arnold et al., 1998), coupled with a regional climate model
to examine how doubling atmospheric CO2 affects water
yield for the Missouri River basin. They found that climate
change increased water yield in the fall and winter months but
decreased it by 10% to 20% during spring and summer
months. Similarly, using the SWAT model and six different
climate change models, Jha et al. (2006) concluded that the
Upper Mississippi River Basin was very sensitive to fore‐
casted future climate change scenarios.

In contrast, few studies have been performed for the south‐
eastern region. McNulty et al. (1997) and Sun et al. (2000)
conducted several hydrologic impact studies at the watershed
to regional scale across the southern U.S., in which 55% of
the land mass is covered by forests, using the forest ecosys‐
tem model PnET. They found that climate warming would in‐
crease forest evapotranspiration as forest growth increases,
but overall water yield was expected to follow the trends of
projected precipitation patterns. Liang et al. (2002) applied
a modified forest ecosystem model, PnET‐3SL, to the south‐
ern U.S. and found that the model adequately predicted
monthly streamflow for over 30 watersheds with diverse
physiographic characteristics. Using the DRAINMOD mod‐
el, Amatya et al. (2006) examined climate change impacts on
drainage and shallow groundwater table levels in a large,
drained loblolly pine plantation on the lower coastal plain of
eastern North Carolina. The study concluded that climate
change effects on drainage patterns are largely dependent on
changes in precipitation. Shallow groundwater depth may be
lowered due to increased evapotranspiration and/or de‐
creased precipitation, but soil moisture was not affected suf‐
ficiently to limit tree growth (Amatya et al., 2006). Similarly,
using the MIKE SHE model, Lu et al. (2006) predicted that
climate warming would lower groundwater table levels in
forested wetlands in the southeastern U.S., especially during

dry seasons when changes in shallow groundwater tables are
the largest.

The overall goal of this study was to examine how climate
and landuse changes affect streamflow in coastal North Caro‐
lina. The specific objectives of the study were to: (1) test the
U.S. Geological Survey's Precipitation Runoff Modeling
System (PRMS) for modeling streamflow of the Trent River,
a large basin on the coastal plain of North Carolina, and
(2)�perform a hydrologic sensitivity assessment and quantify
the magnitudes of hydrologic response to possible climate
and landuse changes for the Trent River basin.

METHODOLOGY
WATERSHED HYDROLOGIC MODEL

The U.S. Geological Survey's Precipitation Runoff Mod‐
eling System (PRMS), which is embedded in the Modular
Modeling System (MMS), was selected for this study (Lea‐
vesley et al., 1983, 2002). This model has been widely used
to model the streamflow of large basins with mixed landuses
(Hay et al., 2006; Jha et al., 2006). PRMS is a modular‐
design, deterministic, distributed‐parameter, watershed
modeling system (Leavesley et al., 1983). The model simu‐
lates basin response to normal and extreme rainfall and snow‐
melt and can be used to evaluate changes in water‐balance
relationships, flow regimes, flood peaks and volumes, soil‐
water relationships, and groundwater recharge. Parameter
optimization and sensitivity analysis capabilities are also
provided, allowing for optimization of model parameters and
evaluation of individual and joint effects on model outputs
(Leavesley et al., 1983, 2002).

PRMS divides a watershed into smaller modeling subunits
based on its physical characteristics of slope, aspect, eleva‐
tion, vegetation type, soil type, landuse, and precipitation
distribution. Two levels of partitioning are available; the first
divides the basin into homogeneous hydrologic response
units (HRU) based on the basin characteristics. Water bal‐
ances are computed daily, and energy balance is computed
twice each day for each HRU. The sum of the responses of all
HRUs, weighted on a unit‐area basis, produces the daily sys‐
tem response and streamflow for the basin. A second level of
partitioning is available for storm hydrograph simulation, in
which the watershed is conceptualized as a series of intercon‐
nected flow planes and channel segments. Surface runoff is
routed over the flow planes into the channel segments, and
channel flow is routed through the watershed channel system.
An HRU can be considered the equivalent of one flow plane,
or it can be delineated into a number of flow planes. In this
study, the daily mode was used for modeling daily total and
monthly streamflow.

TRENT RIVER BASIN DESCRIPTION

The Trent River basin (35.37° N, -77.55° W), a tributary
of the Neuse River, is located in eastern North Carolina's low‐
er coastal plain geographic region, situated within the warm
and humid southeastern U.S. (fig. 1). The total drainage area
is 377 km2 based on a 30 m resolution digital elevation model
(DEM). The river has an average channel slope of 0.51 m/km,
stream length of 49.2 km, mean basin elevation of 30 m (7 to
50 m; referenced to NGVD29), and a mean topographic relief
less than 2% (table 1). Dominant soils are poorly drained sand
and loam derived from marine sediments. Landuse is domi-
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Figure 1. Location and topography of the Trent River basin.

Table 1. Key characteristics of each HRUs for the Trent River Basin.

HRU
No.

Mean
Elevation

(m)
Mean
Slope

Soil
Type

Maximum Soil
Water Storage
Capacity (mm)

1 25 0.0076 1 51
2 33 0.0122 1 20
3 21 0.0069 1 20
4 14 0.0051 2 91
5 16 0.0076 2 91
6 34 0.0151 2 91
7 24 0.0153 2 91
8 14 0.0049 2 91
9 17 0.0053 1 51

10 21 0.011 1 91
11 34 0.0142 2 91
12 26 0.0103 2 91
13 17 0.0095 2 91
14 20 0.0075 2 91
15 20 0.0055 2 91
16 17 0.003 2 91
17 20 0.011 2 91
18 18 0.0071 1 51
19 24 0.0105 1 51
20 22 0.0051 1 51
21 22 0.0038 1 51
22 34 0.0149 1 20

nated by deciduous and conifer forests and croplands, repre‐
senting about 70% and 29% of the total basin area, respec‐
tively. The climate in the study region is hot and humid in the
summer, and cool in the winter with occasional brief cold
spells. Rains occur throughout the year and are fairly heavy;
rainfall pattern are affected by hurricanes in the summer and
fall. The Kinston weather station (www.nc‐climate.ncsu.edu/
cronos/normals.php?station=314684)  recorded a long‐term
(1970‐2000) mean daily temperature of 15.8°C and mean
annual rainfall of approximately 1300 mm.

DATABASES
Daily maximum and minimum air temperature and daily

precipitation data (1980‐2001) were acquired from the State
Climate Office of North Carolina (the Trent River has one
gauge station). Total daily streamflow data (1980‐2001) and
watershed topography in the form of DEMs were acquired
from the U.S. Geological Survey. Landcover data were de‐
rived from U.S. Geological Survey 1 km gridded landuse and
landcover data (Anderson et al., 1976), while 1 km vegetation
type and density data were derived from U.S. Forest Service
vegetation maps (USDA, 1992). Soil physical parameters
were obtained from the 1 km gridded State Soil Geographic
Database (STATSGO; USDA, 1994). Two primary global
circulation models (GCMs), one developed at the Canadian
Climate Centre (CGC1) and one at the Hadley Centre
(HadCMSul2), were used as inputs to examine the long‐term
hydrologic effects of climate change on the Trent River ba‐
sin. Both climate change scenarios were products of the Veg‐
etation/Ecosystem  Modeling and Analysis Project
(VEMAP), with spatial resolution of 0.5 by 0.5 degrees
(about 50 km) (Kittel et al., 1997). Both models predict a
warming trend by the end of the 21st century, with at least a
4°C increase over most of the North American continent in
all seasons. CGC1 predicts that much of Canada and the U.S.
will see a strong change in winter temperature by 9°C warm‐
er. Predicted winter temperature increases by the HadCM‐
Sul2 model are modest but still reach 1°C to 5°C across the
U.S. in all seasons (National Assessment Synthesis Team,
2000). We used the predicted climate data (precipitation and
air temperature) for the area that overlays the Trent River ba‐
sin.

HRU DELINEATION AND KEY MODEL PARAMETERS

HRU delineation and characterization, and initial model
input parameters were generated using the GIS interface GIS
Weasel (Viger et al., 1998; www.brr.cr.usgs.gov/weasel).
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Table 2. Average coefficient of model‐fit efficiency (E) and relative error (Er) for the calibration and validation periods.
Daily Fit‐Efficiency/Relative Error Monthly Fit‐Efficiency/Relative Error

22 HRUs 71 HRUs 118 HRUs 225 HRUs 22 HRUs 71 HRUs 118 HRUs 225 HRUs

Calibration
(1993‐2001 water year)

0.63/54 0.64/52 0.54/53 0.52/53 0.88/31 0.91/27 0.89/29 0.91/27

Validation
(1981‐1991 water year)

0.49/ 63 0.50/56 0.51/55 0.49/56 0.58/46 0.71/37 0.71/37 0.71/37

Overall
(1981‐2001 water year)

0.58/56 0.53/54 0.53/54 0.51/54 0.79/38 0.76/32 0.75/33 0.75/33

Figure 2. HRUs delineations for the Trent River basin.

Hydrographic networks were first generated from the DEM,
and then were overlaid with landcover and soil maps to create
HRUs. Each HRU was assumed to be homogeneous with re‐
spect to its soil, vegetative cover, slope, aspect, altitude, and
precipitation distribution. Multiple sizes of HRUs (22, 71,
118, and 225 HRUs) were tested to determine how HRU size
affected the overall simulation efficiency. The model testing
showed that it was most appropriate to use 22 HRUs for this
watershed for modeling daily runoff (table 2 and fig. 2).

We parameterized the model by soil type for each HRU
(table 1). The main parameters of the PRMS at the daily scale
include vegetation density, soil depth of different soil zones,
soil water capacity, and infiltration characteristics (table 3).

Evapotranspiration  is a very important process in the model.
We selected the Hamon method for predicting evapotran‐
spiration using the results of Lu et al. (2006), which showed
that the Hamon method works well for the research area. Be‐
cause of the watershed's flat terrain, we assumed a uniform
distribution in rainfall and air temperature across the basin.

Using a raster elevation data set (DEM), the ArcInfo‐
based GIS Weasel creates a variety of products, most notably
digital spatial data sets and text parameter files. The system
has three major processing phases: setup, delineation, and
parameterization.  In the setup phase, a variety of topographic
surfaces are derived from the user‐supplied DEM. The delin‐
eation phase provides the Tool Panel to allow the user to de-

Table 3. Key parameters used by the PRMS model for the Trent River basin.

Parameter Description (units) Default Range
Optimized

Values

carea_max Maximum possible area contributing to surface runoff (decimal) 0.6 0‐1 0.3‐1.0
covden_sum Summer vegetation cover density (decimal) 0.5 0‐1 0.2‐0.35
covden_win Winter vegetation cover density (decimal) 0.5 0‐1 0.1‐0.35
smidx_coef Coefficient in non‐linear contributing area algorithm 0.0001‐1 0.01 0.0014‐0.0015
smidx_exp Exponent in non‐linear contributing area algorithm 0.3 0.2‐0.8 0.299

soil2gw_max Maximum rate of soil water excess moving to groundwater (inches/day) 0 0‐5 12.0‐24.0
soil_moist_init Initial value of available water in a soil profile (inches) 3 0‐20 0.6‐2.0
soil_moist_max Maximum available water‐holding capacity of the soil profile (inches) 6 0‐20 0.8‐4.0
soil_rechr_init Initial soil water for recharge zone (inches) 1 0‐10 0.2‐0.401
soil_rechr_max Maximum available water‐holding capacity (inches) 2 0‐10 0.4‐0.8

srain_intcp Summer rain interception storage capacity for the major vegetation type in the HRU 0.1 0‐5 0.03‐0.1
ssr2gw_rate Coefficient to route water from the subsurface to groundwater 1 0‐3 0.2‐0.8
gwflow_coef Groundwater routing coefficient (1/day) 0.015 0‐1 0.067 57
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lineate different kinds of geographic features, and it includes the
tools that have been developed in support of the Precipitation
Runoff Modeling System (PRMS) (Leavesley et al., 1983). The
parameterization phase has an option to produce an additional
file that is specifically formatted for use with the Modular Mod‐
eling System (Leavesley, 1994; www.brr.cr.usgs.gov/mms).

MODEL PERFORMANCE EVALUATION

Model performance at daily and monthly temporal scales
was evaluated using the standard model efficiency (E) (Nash
and Sutcliffe, 1970) and relative error (Er) for both the cal‐
ibration and validation periods. The Nash‐Sutcliffe method
as presented below is widely used in hydrologic modeling.
The E value varies from negative infinity to 1.0, with higher
values indicating better agreement between simulated and
observed values. E is highly sensitive to estimation errors for
high values (i.e., peak flow values).
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The hydrologic years (October‐September) from 1993 to
2001 included both extremely dry and wet years and thus
were designated as the model calibration period, while
1981‐1990 was designated as the model validation period.
Streamflow measurements during 1991 and 1992 were not
available,  so these two years were excluded from the analy‐
sis. The PRMS model was tested initially with default param‐
eters that were generated directly from GIS Weasel. It was
then modified by adjusting parameter values as described
above, and other parameters were set by model optimization.

HYDROLOGIC RESPONSE TO CLIMATIC PERTURBATIONS AND
LONG‐TERM IMPACTS OF CLIMATE AND LANDUSE CHANGES

ON STREAMFLOW

Although there have been great advances with GCMs over
the past decade and hydrologists have confidence in their
overall predictions, large uncertainties remain regarding fu‐
ture changes in climate for particular regions or basins. In
fact, different GCMs have given different directions of
changes in precipitation for the southeastern U.S., so hydro-

Table 4. Landuse compositions for seven hypothetical
simulation scenarios developed for Trent River.

Forest
(%)

Crops and
Grassland

(%)

Urban
Land
(%)

Water
(%)

Total
(%)

Base line 69.3 29.2 1.4 0.1 100
Scenario 1 53.5 45.0 1.4 0.1 100
Scenario 2 38.5 60.0 1.4 0.1 100
Scenario 3 23.5 75.0 1.4 0.1 100
Scenario 4 3.5 95.0 1.4 0.1 100
Scenario 5 0 100.0 0.00 0.00 100
Scenario 6 60.7 29.2 10.0 0.1 100
Scenario 7 34.9 45.0 20.0 0.1 100

logic perturbation studies are useful to explore the potential
bounds of hydrologic responses for any one basin (Nash and
Gleick, 1991). In this study, we examined a range of climate
change cases that involve a 10% to 20% change in the amount
of daily rainfall and 1.1°C to 2.8°C changes in air tempera‐
ture from the measured baseline climate (1993‐2001). These
hypothetical  changes were chosen using general projections
by the GCMs for the study region (National Assessment Syn‐
thesis Team, 2000).

Analyses of the hydrologic response to uniform changes
in climate provided some insight to the hydrologic response,
but it did not consider temporal variability of the “change” in
both precipitation and temperature nor the combined, cumu‐
lative effects of the climate. Thus, we applied the validated
model to simulate streamflow patterns for the next 100 years
using a climate time series generate from two GCM scenar‐
ios, CGC1 and HadCMSul2, representing “hot and dry” and
“hot and wet” scenarios for the southeastern U.S., respective‐
ly. Both models have been widely used by climate and hydro‐
logic research communities (McNulty et al., 1997; National
Assessment Synthesis Team. 2000).

We developed seven hypothetical scenarios to examine
streamflow responses to future landuse changes, represented
by forest conversion to crops and grassland and urban use
(table 4). These scenarios included increasing crop and grass‐
land area from 33% to 45%, 60%, 75%, 95%, and 100% of
the total watershed area by decreasing forest area according‐
ly. For example, an increase of crop and grassland cover from
33% to 45% equaled a decrease of forest cover from approxi‐
mately 77% to 55%. In two other scenarios, urban land was
increased from 1% to 10% and 20% of the total basin area by
reducing forest land area.

RESULTS AND DISCUSSION
MODEL CALIBRATION AND VALIDATION AT DAILY AND

MONTHLY SCALES

A total of 22 HRUs was used for model calibration and
validation.  Reasonable agreement between the measured and
simulated runoff during the calibration period was achieved,
with averaged E values and relative error (Er) values ranging
from 0.58 and 56%, respectively, for the daily scale to 0.79
and 38% for the monthly scale (table 2). The E values aver‐
aged 0.49 for the validation period, ranging from -0.46 to
0.78 for the daily time scale, and averaged 0.58 (-0.52 to
0.96) for the monthly scale. Relative errors for the validation
period were 63% and 46% for the daily and monthly time
scale, respectively.
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Figure 3. PRMS model calibration at the daily scale during 1993‐2001.
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Figure 4. PRMS model validation at the daily scale during 1980‐1991.
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Figure 5. PRMS model calibration (1993‐2001) and validation (1980‐1991) at the monthly scale.

The model generally underestimated daily streamflow for
large storm events occurring primarily during January and
March when evapotranspiration was the lowest and the wa‐
tershed was wettest (figs. 3 and 4). Hurricanes cause major
flooding events in eastern North Carolina. For example, a
100‐year flood event occurred during 14‐16 September 1999
as a result of more than 330 mm of rain dropped by Hurricane
Floyd. The soils had been saturated from Hurricane Dennis'
pass on 4‐5 September, which produced 140 mm rainfall. The

model overestimated daily flow by 10 mm for the first day
(14�Sept.) but underestimated it by 59 and 40 mm for the fol‐
lowing two days, respectively (fig. 3). These results suggest
that the model's daily time step was not sufficient to capture
daily peak flows, perhaps due to stormflow routing problems.
The model overestimated a few moderate daily flow events
(fig. 4). The most obvious examples are the year 1985, where
the E had a negative value. The underestimation occurred for
large storms or hurricanes immediately after a long drought
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period, mostly in the summer months, such as in the event of
19 August 1985, when a total of 140 mm rainfall fell. The
model's insensitivity to large storm events may suggest that
the watershed storage capacity was set too high and/or the
evapotranspiration  model overpredicted the depletion of soil
moisture prior to the hurricane. Another reason for the poor
performance of the PRMS model following a hurricane may
be due to the uneven spatial distribution of precipitation dur‐
ing the storm. Local amounts of precipitation may vary great‐
ly across the watershed. PRMS performed better at the
monthly time step for both the calibration and validation peri‐
ods (table 2; fig. 5). The model adequately estimated stream‐
flow patterns and volumes at the monthly time step,
suggesting model's strength in water balance calculation at
large temporal scales.

The long‐term (1981‐2001) simulation suggested that
approximately  878 mm or 70% of precipitation (1258 mm),
was returned to the atmosphere as evapotranspiration, and the
other 380 mm or 30% of precipitation became stream runoff.
The annual streamflow runoff coefficient (streamflow/pre‐
cipitation) varied greatly, ranging from 18.4% in 2001 to
39.2% in 1998.

The averaged annual simulation errors ranged from -62 to
51 mm, and relative error ranged from -3.4% to 25.4%. We did
not find any correlations between simulation errors and either
precipitation or measured runoff. However, it appears than the
absolute simulation errors were higher during extreme climatic
conditions, either too dry or too wet. We used the averaged sim‐
ulation error to set bounds for future streamflow predictions.

POTENTIAL RESPONSES OF STREAMFLOW TO CLIMATE
CHANGE

As the air temperature was increased or decreased by
1.11°C each day, water yield showed a decrease or increase
of approximately 6% of the baseline values, with a variation
of 3% to 11%. Similarly, when temperature increased by
2.78°C, water yield decreased by an average of 15% with a
larger variation of 9% to 31% (fig. 6). The effects of air tem‐
perature on water yield are due to its effects on evapotran‐
spiration (ET); the effects of precipitation on water yield are
propagated through both ET and other water fluxes in the wa‐
tershed. As expected, actual ET increases and water yield de‐
creases with increase of temperature, and vice versa (fig. 6).

When temperature was increased by 1.11°C, the average ET
increase was 2.7%, while the water yield decreased by 5.7%
(fig. 6). When temperature was increased by 2.8°C, ET and
water yield changes were more than doubled, with increases
and decreases of 6.2% and 13.9%, respectively. Compared to
streamflow response, the relatively smaller ET response was
partially due to its higher absolute magnitude at the baseline
of about 900 mm/year. Baseline streamflow was approxi‐
mately 300 mm/year.

Streamflow was found to be very sensitive to the pre‐
scribed precipitation changes (fig. 6). When compared to the
baseline, a 10% change in precipitation resulted in a mean
change of 20% in annul streamflow, ranging from 2% to 55%
over the 10‐year simulation period (1992‐2001). A 20%
change in precipitation resulted in a mean streamflow change
of 45%, ranging from 31% to 60% (fig. 6). A strong nonlinear
response was observed, suggesting that the Trent River basin
may be more responsive to large increases in precipitation,
such as those seen with the 20% scenario. A small change in
precipitation may have large effects on streamflow between
years, presumably due to the large variations in annual base‐
line precipitation and streamflow. In contrast, a large increase
or decrease in precipitation would certainly aggravate the
hydrologic extremes of floods or droughts.

Simulation results showed that a 10% increase in precipi‐
tation would result in an average increase in ET of 4% and an
increase in streamflow of 23%. When the change in precipita‐
tion was doubled (i.e., 20% increase), ET and streamflow
were roughly doubled as well. These results suggest that,
compared to streamflow, ET in the Trent River basin was
rather stable under all of the tested climate change scenarios.
Small changes in ET had large effects on streamflow for the
study basin, where ET flux (mm/year) is much larger than
streamflow (mm/year) in magnitude. The simulations also
suggest that streamflow in the Trent River basin was less re‐
sponsive to projected air temperature change than changes in
precipitation, as prescribed in this study. However, this simu‐
lation exercise did not consider potential biological changes
to plant structure, biomass, species composition, and CO2 ef‐
fects on plant transpiration. Atmospheric chemistry may
have profound effects on plant transpiration and streamflow
at multiple scales (Hanson et al., 2005; McLaughlin et al.,
2007).
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Figure 6. Response of streamflow and evapotranspiration to potential precipitation and air temperature changes in the Trent River during 1992‐2001.
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Figure 7. Responses of streamflow and evapotranspiration to potential landuse change in the Trent River during 1992‐2001.

(a)

(b)

Figure 8. Projected climate change by two GCMs, HadCMSul2 and CGC1, for the Trent River: (a) annual air temperature and (b) annual total precipitation.

STREAMFLOW RESPONSE TO POTENTIAL LANDUSE CHANGE
Streamflow showed a variable increase when forests were

converted to cropland and urban uses (fig. 7). Evapotran‐
spiration was reduced with the increases in crop and grass‐
land proportions because agricultural crops and grasses
consume less water than forests; this general trend has been
well reported in the literature. For example, worldwide em‐

pirical studies suggest that deforestation can increase water
yield proportionally to the basal area removed (Andreassian,
2004). Our simulation showed that a complete conversion
from forests to crops and grasses resulted in a 7% decreased
in ET (from 876 to 817 mm/year). This was equivalent to an
increase in water yield of 59 mm/year, or 14% from the base
line (426 mm/year). Increasing urban land area from 1% to
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20% caused a decrease in ET of 18.6% (163 mm/year) and an
increase of water yield of 38% (fig. 7). Overall, the impacts
of landuse change on the absolute values of ET and water
yield were in the lower range reported in the literature for
upland conditions but were comparable to findings from low‐
land regions (Sun et al., 2000; Amatya et al., 2006). Small
watershed experiments in the Appalachian Mountains of
western North Carolina found that forest clearcutting nor‐
mally caused as much as 400 mm/year of streamflow or 50%
increase of runoff (Swank et al., 2001). Streamflow response
from lowland areas that are dominated by wetlands was gen‐
erally lower, approximately 150 mm/year (Sun et al., 2004).

HYDROLOGIC IMPACTS OF TWO TRANSIENT CLIMATE

CHANGE SCENARIOS OVER THE NEXT 100 YEARS

The two GCMs predicted different 21st century climates
for the study region (fig. 8). On average, over the study re‐
gion, the U.K. HadCMSul2 model projected a much wetter
climate than the Canadian CGC1 model, while the CGC1
model projected a greater increase in temperature than the
HadCMSul2 model (fig. 8). We used averaged historic data
from 1896 to 1994 as a baseline to examine streamflow re‐
sponses to these climate change scenarios.

Annual streamflow and ET values showed an increasing
trend under the HadCMSul2 scenario. Changes in water yield
varied from -34% to 238%, and changes in ET varied from
-21% to 37%. The increasing trend was largely due to the in‐
crease in precipitation associated with the HadCMSul2 sce‐
nario (fig. 9). In contrast, under the CGC1 scenario, both
streamflow and ET showed a decreasing trend (fig. 10).
Compared to baseline conditions, annual streamflow varied
from -93% to 45%, and ET varied from -37% to 21% of base‐
line. The decreasing trends in both ET and streamflow were
due to a decrease in precipitation (fig. 10). Increase in air
temperature did not result in an increase of water loss to the
atmosphere due to a severe decrease in precipitation that
created dry soil conditions and reduction of plant canopy in‐
terception.  In such a case, soil water might have exerted limi‐
tations on ET. Similar to findings from the climate change
sensitivity analysis, this 99‐year simulation highlighted the
dominant influences of precipitation on streamflow for the
study watershed. The effects of increased air temperature ap‐
peared to be canceled out by the changes in precipitation for
both scenarios.
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Figure 9. Predicted responses of annual streamflow and evapotranspiration to the HadCMSul2 climate change scenario (1995‐2099).
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CONCLUSIONS
The PRMS model performed reasonably well in simulat‐

ing monthly streamflow in the Trent River basin, with an av‐
erage model‐fit efficiency of 0.85 for a 20‐year period.
However, the model should not be used to predict daily flow
with daily rainfall inputs. To predict peak flows or daily
flows, other modules of the PRMS model may be employed
to best represent channel flow routings.

Given the prescribed bounds of possible climate change of
±10% to 20% in precipitation and ±1.11°C to 2.78°C in air
temperature,  the streamflow of the Trent River was found to
be more sensitive to changes in precipitation than to changes
in air temperature. Evapotranspiration was a large compo‐
nent of the annual water balance (>70% of precipitation), so
its relative change was always smaller when compared to
streamflow because of its magnitude.

Our basin‐scale simulation study confirmed that moderate
urbanization,  simulated as an increase of urban area from 1%
to 10%, might increase streamflow greatly (>20%). In con‐
trast, conversion from a forest‐dominated watershed (70%
forest, 30% grassland and cropland) to a grassland or crop‐
dominated watershed (75% grassland and cropland) might
not cause a large increase in streamflow (<10%). Increased
runoff from land conversions from forests to other landuses
may pose a water quality threat to river systems due to in‐
creased soil erosion. Simulated streamflow responses to cli‐
mate change scenarios of the HadCMSul2 and CGC1 GCMs
suggest that precipitation may overwhelm the effects of in‐
creased air temperature alone. Increase of precipitation fre‐
quency and intensity will likely affect streamflow response
as well. This is one important aspect of the hydrologic
changes for the coastal region, where the hydrologic pro‐
cesses are dominated by the “saturation excess” flow genera‐
tion mechanisms (Sun et al., 2001).

Similar to other impact studies (Jha et al., 2006), unfortu‐
nately, the two GCMs predicted two different future precipi‐
tation patterns for the study region. As pointed out by
Huntingford et al. (2006), there is a strong need to improve
GCM prediction accuracy at the regional scale and make the
data available to hydrologists at scales useful for hydrologic
impact modeling. Reducing the uncertainty of climate pre‐
diction at the watershed scale is greatly needed for future im‐
pact assessments. In addition, future models should include
plant water use feedbacks to increases in atmospheric CO2
and other pollutants (i.e., ozone) (McLaughlin et al., 2007)
and associated physiological changes of plants (Hanson et
al., 2005).

Climate change is likely to cause significant change to the
hydrologic extremes of river basins in the coastal plain region
regardless of landuse changes (Sun et al., 2008). Urbaniza‐
tion and associated landuse changes are expected to affect the
quality of water, which is in increasing demand as the human
population continues to rise in the coastal regions that are ex‐
periencing sea level rise and groundwater overuse. Water re‐
source managers should design flexible facilities to respond
to the hydrologic extremes caused by climate change and in‐
creased human demand.
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