American Journal of Engineering and Applied Sciences 7 (1): 122-128, 2014

ISSN: 1941-7020
© 2014 Chattopadhyay and Jha, This open access article is distributed under a Creative Commons Attribution
(CC-BY) 3.0 license
doi:10.3844/ajeassp.2014.122.128 Published Online 7 (1) 2014 (http://www.thescipub.com/ajeas.toc)

CLIMATE CHANGE IMPACT ASSESSMENT ON WATERSHED
HYDROLOGY: A COMPARISON OF THREE APPROACHES
1

Somsubhra Chattopadhyay and 2Manoj K. Jha
1

Department of Computational Science and Engineering,
North Carolina A and T State University, NC 27411, Greensboro, USA
2
Department of Civil, Architectural and Environmental Engineering,
North Carolina A and T State University, NC 27411, Greensboro, USA
Received 2014-02-08; Revised 2014-02-17; Accepted 2014-03-27

ABSTRACT
Several methods of impact assessment have been developed over the years which basically incorporate
future climate projections of atmospheric-ocean circulation based climate models into the simulation of land
surface hydrological processes. This study attempted to evaluate three methods of climate change impact
assessment: (a) Frequency perturbation method, (b) direct method and (c) delta change method. A wellcalibrated hydrologic model, Soil and Water Assessment Tool (SWAT), was used in watershed simulation
for climate projections of mid-century by ten Global Climate Models (GCMs). The frequency perturbation
method found precipitation decrease by 17% and reduction in temperature by 0.43°C on an average annual
basis. The changes when applied through the simulation model resulted in 13% reduction in
Evapotranspiration (ET) and 25% reduction in water yield. Other two methods produced different set of
results. It’s not conclusive to say which method performed better. The frequency perturbation method
produced most extreme changes while direct method had the least magnitude of changes projected for the
mid-century. Changes in ET and water yield due to changes in future climate are likely to have severe
implications for the water availability. However, more research is needed to evaluate several other impact
assessment methods for more reliable analysis.
Keywords: Hydrologic Modeling, Climate Change, Impact Assessment, Frequency Perturbation, Delta
Change, GCM
winter in northern regions and in summer in the south
western USA. Accelerated evaporation rates and earlier
snowmelt, coupled with the more likelihood of
Hydrological cycle has been found to be significantly
precipitation and temperature extremes, are expected to
impacted by the climate change. Intergovernmental
act as the primary causes for risk of both seasonal floods
Panel for Climate Change (IPCC) reported evidences of
and recurrent drought episodes (IPCC, 2007).
strong correlations between the increasing amount of
The impact of climate change on hydrological
greenhouse gases and aerosols into the atmosphere and
processes have been investigated in the United States and
the rising global temperature (IPCC, 2007). Warming is
across the globe during the last decades (Jha et al., 2004;
projected to be the greatest over northern latitudes and
2006; 2013; Jha and Gassman, 2013; Takle et al., 2005;
the least in the Southern Ocean and parts of North
2010). Numerous approaches have been applied in these
Atlantic Ocean. The most warming is likely to occur in
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1. INTRODUCTION
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studies including regression-based GCM simulations
(Stewart et al., 2004), dynamic downscaling of GCMs
through nested climate models (Diffenbaugh et al., 2005;
Leung and Wigmosta,1999; Leung et al., 2004; Pal and
Eltahir, 2002) and coupling of GCMs with hydrologic
models (Christensen et al., 2004; Miller et al., 2003).
Wilby et al. (2004) pointed out that variations in local
climate are mainly governed by the regional
physiographic conditions which are not accurately
represented by the coarse resolutions of Global Climate
Model (GCM) outputs. This adds further uncertainties in
the impact assessment. Advances in computer simulation
techniques have led to Regional Climate Models (RCMs)
with finer resolutions. This has made the forcing of
direct output from the RCMs into the hydrologic
simulation model possible (Hay et al., 2002; Graham,
2004). However this approach is also questionable if the
quality of the RCM output is not good enough.
The delta change method involves altering the
observed temperature and precipitation time-series
according to the “expected” future change signal from
climate models (Hay et al., 2000; Prudhomme et al.,
2002). However, keeping the number of wet days
unchanged along with discarding potential changes in
correlation among different variables might result into
neglecting climate variability. Frequency perturbation
change method essentially implies transferring the
extracted climate change signals to the observed series
which accounts for the changes in extreme rainfall events
(Taye et al., 2011; Mora et al., 2013). This approach also
provides predictions consistent with the occurrence of
wet days and wet day rainfall amounts. In this method,
rainfall series is perturbed in relation to their frequency
of occurrence with a unique factor dependent on return
period. Direct method (Takle et al., 2005; 2010) uses
direct output of GCM into the hydrologic simulation and
thus takes into account more complex changes in the
probability functions of the input weather variables into
hydrological models. However, bias in the climate model
is perpetuated in the assessment, which accounts as a
major disadvantage of the direct method.
In this study we examined three methods of climate
change impact assessment on watershed hydrology while
clarifying some of the issues with the impact assessment
studies. Frequency perturbation method, delta change
method and direct method were used to quantify the
impacts of future climatic information as projected by a
suite of 10 GCMs using the hydrologic simulation
model, Soil and Water Assessment Tool (SWAT).
Variations in the major hydrological variables such as
Evapotranspiration (ET), water yield, surface runoff and
baseflow were evaluated for the impact assessment.
Science Publications

2. MODELING APPROACH
A modeling framework for a large watershed (Raccoon
River Watershed, RRW, in Midwest Iowa, USA) having
an area of 9,400 km2, developed by (Jha et al., 2007;
2010), was used to test the three methods of climate
change impact assessment. Changes in climate projected
for the watershed during mid-century (1950s) by 10
GCM simulations driven by the A1B emission scenario
(IPCC, 2007) were used in the analyses. The data
available were bias-corrected. For detailed information
on the climate models used, please refer to (Jha et al.,
2013; Jha and Gassman, 2013). The SWAT model was
used for hydrologic simulation which was, after a
successful calibration, used in combination with climate
model projections. SWAT is a long-term, continuous,
watershed-scale simulation model that operates on a
daily time step and is designed to assess the impact of
different management practices on water, sediment and
agricultural chemical yields. The model is distributed,
computationally efficient and capable of simulating a
detailed level of spatial detail (Arnold and Jha, 2012). It
simulates the hydrological cycle based on the water
balance approach on a daily basis. Major model
components are hydrology, weather, soil temperature,
crop growth, nutrient, bacteria and land management.
SWAT divides a watershed into several subwatersheds
which then are further delineated according to unique
combination of landuse, soil type and land management
practices, called Hydrologic Response Units (HRUs).
Water balance is computed for each HRU, which is then
aggregated at the subwatershed level. The discharge and
associated pollutants from each subwatershed are then
routed through the rivers and reservoirs.

3. IMPACT ASSESSMENT METHODS
3.1. Frequency Perturbation Method
Change in temperature was determined according to
the difference between control and scenario projections
of the climate models. For the precipitation projection,
frequency analysis of quantiles method was used where
perturbation factors were obtained by comparing
quantiles for given empirical return periods (or values of
the same rank) in both the control and scenario series
(Mora et al., 2013). This perturbation calculation was
performed considering only wet days where a wet day
was defined as a day receiving a minimum rainfall
amount of 0.1 mm Equation 1:
Mathematically, PFi = Prs / Prc
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where, PF is the perturbation factor, i is the rank number,
Pr is the rainfall, s and c are subscripts denoting scenario
and control series respectively. Changes in the wet day
frequencies were calculated following quantile
perturbation calculation for the wet day rainfall
intensities. The day to day variability was addressed
through the adjustment of the length of wet and dry
spells. We have used a random approach that kept
altering the wet and dry spells. Wet spell was defined as
any span of time longer than 2 consecutive days
receiving more than 0.1mm rainfall. The change in mean
wet spell length was then calculated from the wet spells
in the control and scenario GCM runs on a monthly basis
and was adjusted in the observed precipitation timeseries through adding or removing wet days to the
beginning or end of the wet spells in the series.
In conclusion, the observed precipitation time-series
data was perturbed in two steps, first by removing or
adding wet days in the series using the random approach
and secondly by applying intensity perturbation to each
wet day based on the empirical return period of the
rainfall intensity.

ensemble approach is used to present results and for
discussion where outputs from all 10 Climate Models
(GCMs) were averaged for analysis. For hydrologic
assessment, hydrologic model SWAT was executed for
the baseline historic climate and then for the perturbed
climate, produced using three methods.

4.1. Projected Future Climate
Figure 1 shows the variations in projections of future
climate change (mid-century) as predicted by the
ensemble of 10 GCMs. Even with the same set of
climate models, different methods produced different
values of projections. Following subsections explains the
results for each method separately.

4.1.1. Frequency Perturbation Method
The watershed was found to have an average of 17%
decrease in monthly precipitation during mid-century.
Summer months comprising of May, June, July and
August showed an average of 16% decrease while winter
months of December, January and February displayed an
18% decline. This trend of precipitation over the
watershed in mid-century clearly suggests that water
scarcity could negatively impact agricultural production
during the summer months as crops in the growing
season needs more water. This trend in precipitation
could also impact the hydrological behavior of the
watershed as the water input to the system is
substantially reduced in a consistent basis.
Average temperature is projected to decline by
0.43°C by mid-century. It has increasing patterns for
winter months of November, December and January, but
decreasing trend for other months. Winter months
evidenced an increase of 0.22°C in average temperature
while summer months showed a decrease of 1.06°C.

3.2. Direct Method
Direct method implied executing the hydrologic
simulation with the bias-corrected GCM data for both
current and future conditions. Contemporary GCM data
was used as the baseline scenario while future GCM data
was used for the mid-century scenario. SWAT was
executed for both scenarios to evaluate the impacts of
changed climate.

3.3. Delta Change Method
In the delta change method, future climate predictions
of GCMs were compared with the contemporary climate
predictions to calculate the changes in precipitation and
maximum and minimum temperature on a monthly basis
for each of the subwatershed. For precipitation monthly
percentage change was applied while absolute monthly
change was used for temperature series. Historical
climatic observations were perturbed using these
monthly changes at a subwatershed level.

4.1.2. Direct Method
In this method, direct GCM data were used for
analysis. It was found that on an average annual basis,
precipitation was found to reduce by 1.25% in midcentury as compared to the baseline climatic conditions.
Similarly, annual average temperature was found to
reduce by 0.17°C in the future. Monthly variations of
precipitation revealed mostly decreasing pattern with the
exceptions of February, July and November.

4. RESULTS AND DISCUSSION
All climate models have a range of assumptions for
atmospheric circulations under various emission
scenarios. Each contains bias in projecting climate
variables. This study considered a set of 10 GCMs to
hopefully avoid the potential bias that cannot be avoided
if considered only one or few climate models. An
Science Publications

4.1.3. Delta Change Method
This method implied modifying the observed
precipitation and temperature series according to the
monthly changes in precipitation and temperature between
124

AJEAS

S. Chattopadhyay and M.K. Jha / American Journal of Engineering and Applied Sciences 7 (1): 122-128, 2014

climate models’ contemporary and future projections. On
an annual average basis, this method found 10% reduction
in precipitation in mid-century compared to the baseline
climatic conditions while temperature was found to
reduce by 0.43°C. Variations in precipitation on a
monthly basis also followed a decreasing trend in a
consistent manner with an average 7% reduction.

selection of the method for adoption for the climate
change impact assessment.
Similarly, Fig. 3 shows the changes in water yield of
the watershed as predicted using three different methods
of assessment. Again, all three methods responded
differently. Following subsections provide quantitative
information on the changes in monthly ET as well as
water yield in the watershed.

4.2. Impact on Water Yield as Simulated by
SWAT with Projected Climate

4.2.1. Frequency Perturbation Method

After the future scenarios were developed for
precipitation and temperature (as explained in the
preceding section), original and perturbed series (from
all three methods) were then used to drive the
hydrological model to assess the impact of climate
change on watershed hydrology. Figure 2 shows the
changes in monthly ET, projected to occur in midcentury when determined using three different methods.
Results of the two methods (frequency perturbation and
delta change) have similarity with consistent changes in
their values; however, the third method (direct change)
was found to have a totally different response with
significantly lower magnitude of the changes. There is a
fundamental difference between the first two methods
and the third method. The first two are the perturbation
methods where information from the climate projections
were extracted and perturbed in the historical time-series,
whereas the third method uses the direct output of
climate models in the hydrologic simulation. The drastic
difference in the method-based output warrants the right

Analysis of the changes in terms of both magnitude and
percentage suggest that hydrological components were
significantly affected by the climatic conditions of midcentury. Annual average decrease of 17% precipitation
along with decrease of 0.43°C average temperature
produced significant changes on ET, water yield and
thus overall hydrologic balance. Changes in surface
runoff and water yield were found to be 48 and 25%
respectively while baseflow was found to be reduced by
8%. ET was found to decline by 13% in the mid-century
with a magnitude of 79 mm on an annual average basis.
Decrease in ET is primarily caused by both reductions
in temperature and precipitation. Due to highly
nonlinear and complex interactions between the
different components of water movement, changes in
surface runoff and water yield are not proportional.
Water yield was found to decrease by 60 mm while
surface runoff and baseflow was found to decrease by
42 and 11 mm respectively. Monthly variations of
water yield showed a wide range of reduction varying
from 8% in August to 62% in April.

Fig. 1. Comparison of percentage changes in monthly precipitation in the mid-century according to the three different methods
Science Publications
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Fig. 2. Monthly comparison of changes in ET in mid-century compared to the baseline

Fig. 3. Comparison of percentage changes in monthly water yield in mid-century as compared to the baseline

declined by 19 and 20% respectively. Reason behind
decreasing trend of ET is most likely due to the
decreasing patterns of precipitation and temperature.
Further analysis identified that the streamflow at the
watershed outlet is expected to reduce by 26% (from 742
to 552 m3/s) on an average annual basis during midcentury. Monthly variations also agreed to the decreasing
trend with spring months showing more decrease in flow.

April was the highest impact month in terms of
reduction in water yield. Winter months are expected
to be more affected in terms of water yield reduction
with 34% decline from baseline than summer months
where the reduction was 19%. On an average, 30%
reduction was noticed in water yield on a monthly
basis which clearly implies RRW might suffer from
water scarcity in the mid-century.
ET showed almost a clear decreasing trend for all the
months except April when it increased by 34%.
Maximum reduction of water yield in April may be due
to the increase of ET in April. A 16% decrease in
precipitation in the summer months almost produced
proportional results in ET and water yield as they
Science Publications

4.2.2. Direct Method
This method found an increase in ET by 1.8% on
an average annual basis while water yield was found
to decrease by 5%. Possible interpretation of
decreasing water yield could be reducing surface
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runoff and baseflow by 2 and 6% respectively as
compared to the baseline.
This method found reductions in small range for
winter (December, January and February) and slight
increase for summer months. However, frequency
perturbation method found steady decrease over all the
seasons with the most in winter. Overall, the general
trend appears to be that of a reducing nature.

the detailed analysis by these methods, it can be
concluded that the water resources need to be managed
in an efficient way in near future for this region
particularly from the agricultural production perspective.
Further research is recommended to investigate other
techniques including downscaling methods, bias
correction and use of broader range of models for more
reliable estimates.

4.2.3. Delta Change Method
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