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Abstract:

The impact of potential future climate change scenarios on streamflow and evapotranspiration (ET) in a mountainous Hawaii
watershed was studied using the distributed hydrology soil vegetation model (DHSVM). The hydrologic response of the
watershed was simulated for 43 years for different levels of atmospheric CO2 (330, 550, 710 and 970 ppm), temperature (+1.1
and + 6.4 �C) and precipitation (�5%, �10% and �20%) on the basis of the Intergovernmental Panel on Climate Change (IPCC)
AR4 projections under current, B1, A1B1 and A1F1 emission scenarios. Vegetation leaf conductance and leaf area index were
modified to reflect the increase in CO2 concentration. The relative departure of streamflow and ET from their levels during the
reference scenarios was calculated on a monthly and annual basis. Results of this study indicate that the streamflow and ET are
less sensitive to changes in temperature compared with changes in precipitation. However, temperature increase coupled with
precipitation showed significant effect on ET and streamflow. Changes in leaf conductance and leaf area index with increasing
CO2 concentration under A1F1 scenario had a significant effect on ET and subsequently on streamflow. Evapotranspiration is
less sensitive than streamflow for a similar level of change in precipitation. On the basis of a range of climate change scenarios,
DHSVM predicted a change in ET by �10% and streamflow between �51% and 90%. From the six ensemble mean scenarios
for AR4 A1B, simulations suggest reduction in streamflow by 6.7% to 17.2%. These reductions would produce severe impact on
water availability in the region. Copyright © 2011 John Wiley & Sons, Ltd.
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INTRODUCTION

Anthropogenic activities (e.g. burning of fossil fuels and
coals) are changing the global climate (Hansen et al., 2006)
by increasing the concentration of the greenhouse gases
especially methane, nitrous oxide and carbon dioxide
(CO2). The atmospheric CO2 is expected to increase from
its current concentration of approximately 330 ppm to
between 550 and 970 ppm by 2100 (IPCC, 2007).
Increased greenhouse gas concentrations are likely to raise
the earth’s mean temperature and influence precipitation
and storm patterns as well as sea level (IPCC, 2007).
However, broadly, the magnitude of these changes will
depend on future anthropogenic activities as well as on the
technological and economic development. Over the 21st
century, the global average surface temperature has
increased by approximately 0.6 �C and is projected to rise
by an additional 1.1 to 6.4 �C (IPCC, 2007).
The historical trends in precipitation and air temperature

on Hawaiian Islands have been extensively studied (Karl
et al., 1996; Chu andChen, 2005; Giambelluca et al., 2008;
Timm and Diaz, 2008; Chu et al., 2010). Timm and Diaz
(2008) analysed the precipitation changes over the
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Hawaiian Islands during the late 21st century using the
AR4 A1B emission scenario. From the downscaling of six
global circulation models (GCM), Timm and Diaz (2008)
concluded a 5%–10% reduction of wet season precipitation
and 5% increase during the dry season. Using a linear trend
analysis of observed air temperature and precipitation at
Honolulu airport, Hawaii, Karl et al. (1996) reported an
increase of the mean air temperature by 2.5 �C and 20%
decrease in precipitation between 1900 and 1990. Since the
1980s, more frequent light precipitation and less frequent
moderate and heavy precipitation have been observed in
Hawaii (Chu et al., 2010; Timm et al., 2011). Using
observed temperature across the Island of Oahu, Safeeq
(2010) reported a 0.43 and 0.29 �C per decade increase in
minimum and maximum air temperatures, respectively,
during 1949–2007. At a longer (1905–2006) time scale,
Giambelluca and Luke (2007) reported an increasing trend
in the mean annual temperature between 0.12 and 0.23 �C
per decade across the Hawaiian Island. Although the
magnitude of change in temperature and precipitation
varied temporally and spatially, the anticipated impact on
the hydrology of mountainous Hawaiian watersheds
cannot be disregarded.
Observed and anticipated changes in climate have

significant implications on water resource management.
Many studies have focussed on how climate variables
such as temperature and precipitation will affect the
watershed and global scale hydrologic cycle in the future
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(Arnell, 1999; Allen and Ingram, 2002; Ficklin et al.,
2009). Regional scale changes in the seasonal distribution
of precipitation (Groisman et al., 2004) and runoff (Milly
and Dunne, 2001; Mishra et al., 2010) have already been
observed. However, the magnitude and direction of change
will largely depend on the geographic location, model
used, climate change scenarios and the flow characteristic
examined (Boorman and Sefton, 1997). Using the
projection from the Hadley Centre climate model, Arnell
(1999) projected the annual runoff increases in high-
latitude regions, equatorial Africa and Southeast Asia and
decreases elsewhere. The spatial variations in runoff
sensitivity and its varying implications (Lettenmaier
et al., 1999; Legesse et al., 2003; Labat et al., 2004)
exemplify the need for site specific climate change
investigations.
Anticipating changes in the hydrologic cycle is

particularly important for regions with limited water
supplies (Ficklin et al., 2009). Examining the sensitivity
of hydrologic responses to climate across different
physiographic regions is important to formulate appropri-
ate water management policies for local response (Qi et al.,
2009). The Hawaiian Islands are the most isolated oceanic
Island group on earth and rely exclusively on precipitation
and subsequent groundwater recharge for their fresh water
needs (Mair and Fares, 2010a). Streams in Hawaii supply
more than 50% of irrigation water and a fair amount of
drinking water in some places (Oki, 2003). Groundwater
aquifers supply 99% of Hawaii’s drinking water and 50%
of all fresh water used statewide (Gingerich and Oki,
2000). Since 1900, the population of Hawaii has increased
approximately by eightfold (http://www.census.gov/).
With increasing population over time, the demand for
freshwater has significantly increased and expected to
continue under the risk of climate change. For example,
Wai’anae district can currently meet 50% of its water
demand (35 204m3 day�1) with the local groundwater
aquifer, and the rest is transferred from the neighbouring
Pearl Harbor district (BWS, 2010).
In this study, the links between anticipated climate

change and watershed scale hydrologic processes were
studied to better understand the climate change impact on
water resources in the region. The specific objectives of
this research are (i) to perform a climate change sensitivity
analysis using the distributed hydrology soil vegetation
model (DHSVM) and (ii) to determine the relative role of
changes in atmospheric CO2, precipitation and temperature
on Mākaha streamflow and evapotranspiration (ET). To
our knowledge, this is the first attempt to assess the
sensitivity of streamflow and ET to future climate change
scenarios in a Hawaiian watershed.
MATERIALS AND METHODS

Description of study area

Climate change sensitivity assessment was performed in
Mākaha watershed, located on the leeward coast of the
Island of Oahu, Hawaii, USA (Figure 1). This watershed
Copyright © 2011 John Wiley & Sons, Ltd.
has an area of 13.84 km2, an average slope of 66% and an
elevation varying between 8 and 1227m msl. Talus and
basalt cover most of the areas along the steep valley walls,
and non-calcareous sediments overlie the valley floor
(Mink, 1978). On the basis of a 1:24 000 scale reconnais-
sance soil surveys (USDA-NRCS, 2008), 23% of the soil
in the watershed is grouped as Tropohumult–Dystrandepts
association (Figure 2A). Surface soil in Tropohumult–
Dystrandepts association is mostly silty clay with textured
subsoil and saprolite underneath. Rockland and rock
outcrop constitutes 38% of the watershed, mostly the
gulches and along the valley walls. The valley bottom of the
watershed is composed of stony silty clay (15%), silt loam
(10%), clay loam (5%), silty clay (3%), silty clay loam (4%)
and mucky peat (~1%).
Land use/land cover is mostly dominated by dry

evergreen forest (82%), grassland (7%) and shrubs (6%)
with a small portion of palustrine forested wetland (<1%)
near Mt. Ka’ala (Figure 2B).The remaining 4% of the
watershed is occupied by open space urban developments,
impervious roads and water bodies. In terms of vegetation,
thewatershed is largely occupied by non-native species such
as strawberry guava (Psidium cattleianum), kukui (Aleurites
moluccana), coffee (Coffea arabica), Christmas berry
(Schinus terebinthifolius) and Java plum (Syzygium cumini).
Some native tree species including Ōhi‘a (Metrosideros
polymorpha), A’ali’i (Dodonaea viscosa), koa (Acacia koa)
and Lama (Diospyros sandwicensis) can also be found
(Harman, 2006).
Rainfall is largely dictated by topography and the

prevailing northeast trade winds. Average annual
rainfall varies from 600mm near the coast to more
than 2000mm at the crest (Giambelluca, et al., 1986).
Approximately 70% of the normal precipitation falls
during the wet season (also known as ho’oilo season)
extending from November to April. Orographic lifting
of moisture-laden northeast trade winds up the
windward slopes (Giambelluca, 1986) and cyclonic
rainfall produced by large-scale storm systems are the
two principle rainfall-producing mechanisms in Hawaii
(Giambelluca, 1983). Seasonal variation in rainfall on
the leeward slopes causes higher rainfall gradient
compared with the windward slopes where orographic
effects are most pronounced during the summer (Chu
and Chen, 2005). Over the Island of Oahu, the average
monthly diurnal temperature range is very small (~7 �C)
and remains nearly steady throughout the year (Safeeq,
2010). Large-scale atmospheric circulation processes,
such as El Niño-Southern Oscillation (ENSO) and
Pacific Decadal Oscillation, partially control the inter-
annual and interdecadal variability in Hawaii rainfall,
respectively (Chu and Chen, 2005).
Mākaha watershed lies within the marginal dike sector

(60 dikes km�1) of the northwest rift zone of the Wai’anae
volcano (Takasaki and Mink, 1985). The natural placement
of dikes in Mākaha watershed allows groundwater flux
within dike compartments to move perpendicular to the
Mākaha stream (Mair and Fares, 2010a). Mākaha stream
cuts some of the dike-intruded high-level aquifers and
Hydrol. Process. 26, 2745–2764 (2012)
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Figure 1. Study area with three long-term climate gauging stations (WS1, WS2 and WS3) and two streamflow monitoring stations (S1 and S2)
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Figure 2. Spatially distributed (A) soil, (B) land use/land cover, (C) soil depth and (D) geology used during simulation
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remains perennial in the upper part of the watershed (Mink,
1978). However, the length of the perennial portion of
stream has decreased over time because of water resource
Copyright © 2011 John Wiley & Sons, Ltd.
development activities, including groundwater extraction
wells, diversion ditches and gravity-fed tunnel (Mair and
Fares, 2010a).
Hydrol. Process. 26, 2745–2764 (2012)
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The hydrology of Mākaha watershed is strongly
influenced by wet season rain. At gauge S1 (Figure 1),
approximately 84% of the stream flow occurs during wet
season. The total length of the main stream above gauge
S1 is approximately 4.8 km with an average bed slope of
12.4% and an estimated time of concentration and time to
peak are 0.41 and 0.38 hr, respectively (Wu, 1969). Higher
watershed gradient and small time of concentration often
cause flash flood downstream. Most of the streamflow
comes from runoff, and the average baseflow index (ratio of
baseflow to total flow volume) is only 0.28 (Mair and Fares,
2010a). There are currently eight groundwater pumping
wells, one shaft and one 1283m gravity-fed tunnel known
as the Glover tunnel operating to supply irrigation and
drinkingwater.Many of these extractionwells were brought
online after 1991 to meet the increasing water demand. The
Glover tunnelwas built in 1945 and begins at an elevation of
171m, extending from the mid-valley to within 300m of
stream gauge S1. An average outflow of 2800m3 day�1

(0.20mmday�1) was recorded from the tunnel during
1949–1956 and 1961–1965 (Takasaki, 1971). As a result of
these water-resource development, especially groundwater
pumping (Mair and Fares, 2010a; Safeeq, 2010), significant
decline in the Mākaha streamflow has been reported.
Climate change might further exacerbate the ecological and
hydrological balance of the watershed.

Description of DHSVM

DHSVM (Wigmosta et al., 1994) is a physically based
watershed-scale distributed hydrologic model. We selected
this model because it was developed for high terrain
mountainous watersheds. DHSVM has been used in
addressing a variety of issues including streamflow
forecasting (Yoshitani et al., 2009; Zhao et al., 2009),
hydrologic effects of land management (Alila and Beckers,
2001; Thanapakpawin et al., 2007) and climate change
(Wiley and Palmer, 2008; Cuo et al., 2009). The model
computes water and energy balance at an applied spatial
resolution and requires both spatially distributed (e.g. soil,
vegetation, elevation and geology) and time series data (e.g.
precipitation, temperature, wind speed, solar radiation and
relative humidity) at each time step. A two-layer canopy
model is used for ET; however, runoff is generated through
saturation and infiltration excessmechanisms on the basis of
a user-specified infiltration capacity. Saturated subsurface
flow is modelled using a quasi three-dimensional routing
scheme. DHSVM uses Muskingum–Cunge scheme for
runoff routing through channel network. A detailed
description of DHSVM and its governing equations can
be found in the study of Wigmosta et al. (1994).

Model input data

DHSVM input parameters, for example, topography, soil,
vegetation, geology and weather data, were prepared and
are briefly detailed in the next section. A 10-m resolution
digital elevation model (DEM) was obtained from the
United States Geological Survey (USGS) (available at
http://data.geocomm.com/dem/). Stream networks were
Copyright © 2011 John Wiley & Sons, Ltd.
generated from a10-m resolution DEM using ArcInfo
(ESRI, 2006). We adjusted the critical source area
iteratively until a reasonable agreement between the
DEM-generated stream network and the digital stream
(both perennial and intermittent) network on the basis of
the USGS hydrography layer (available at http://hawaii.
gov/dbedt/gis/download.htm) was achieved. A critical
source area of 0.25 km2 resulted in a better agreement
between the two aforementioned stream network layers.
Distributed soil data were obtained from a 1:24 000 scale
Soil Survey Geographic (SSURGO) database (USDA-
NRCS, 2008) and grouped on the basis of texture classes
(Figure 2A). Soil depth (Figure 2C) was generated on the
basis of the DEM using ArcInfo subroutines provided
with DHSVM. The DEM-generated soil depth was
verified against field measurements of soil depth at the
six monitoring locations across the watershed. Soil
physical properties for each class were obtained from
Verger (2008) and Yamamoto (1963).
Land use/land cover was defined on the basis of a

2.4-m resolution land use survey data obtained from the
National Oceanic and Atmospheric Administration
Coastal Change Analysis Program (C-CAP) (USDC-
NOAA, 2005). Vegetation parameters required by
DHSVM were mostly derived from the literature
(Dickinson et al., 1986; Canadell et al., 1996;
Cosgrove and Rodell, 1999; Breuer et al., 2003). The
leaf area index (LAI) for evergreen forest was based on
site specific plant area index measurements (Mair and
Fares, 2010b). The value of LAI rain multiplier was
estimated using a maximum canopy storage capacity of
3.0mm (Safeeq, 2010), an average LAI of 4.0 and a
canopy cover of 100%. However, during the calibra-
tion, we further adjusted the LAI rain multiplier to
match a canopy interception value equals to 30% the
gross rainfall (Safeeq, 2010).
Sub-daily (3 hr) temporal resolution meteorological

input data (precipitation, air temperature, wind speed,
relative humidity and long- and short-wave solar
radiation) were prepared at three long-term weather
monitoring stations. These gauges have been operated
by the USGS (WS2) and the National Climatic Data
Center (WS1 and WS3); they are located within and/or
in a proximity of the study area (Figure 1). Hourly
precipitations were obtained at gauges WS1, WS2 and
WS3 for the period of 1967–2009; then they were
aggregated to 3 hr time step. At WS2 gauge, there were
only records of daily precipitations during the periods of
1967–1993 and 1996–1999. These data were disaggre-
gated into hourly values using the diurnal method as
described by Safeeq and Fares (2011). The missing
values of precipitations were estimated using the normal
ratio method (Mair and Fares, 2010a). We also corrected
the daily precipitation at gauge WS2 for tree catch (Mair
and Fares, 2010c) using the double mass analysis
between WS2 and WS3. Daily air temperature, wind
speed and relative humidity were spatially interpolated
from nearby Western Regional Climate Center gauges
(available at http://www.wrcc.dri.edu/index.html) as
Hydrol. Process. 26, 2745–2764 (2012)
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described by Safeeq (2010). To run DHSVM at 3 hr time
step, we disaggregated daily air temperatures and wind
speeds using a sine and a cosine model, respectively
(Safeeq and Fares, 2011).
We used the monthly gridded precipitation data

(Giambelluca et al., 1986) to spatially distribute the 3-hr
precipitation. Both temperature and precipitation were
adjusted with positive and negative lapse rate with
elevation, respectively. We estimated the lapse rates on
a monthly basis using long-term observed precipitation
and temperature data to maintain the seasonal variabil-
ity. Hourly short-wave and long-wave solar radiations
were calculated using the methods of Bristow and
Campbell (1984) and Burman and Pochop (1994),
respectively. Daily streamflow data for the 1967–2009
period at gauge S1 were obtained from the USGS. The
reader is referred to Safeeq (2010) for a detailed
description of the methods used to translate the climate
data available at different temporal resolutions from
the different gauges into a 3-hr forcing input for
DHSVM.

DHSVM calibration and validation

Historic streamflow record at gauge S1 (Figure 1)
between 1971 and 1990 were split into two equal periods
of 10 years. DHSVM was calibrated with 1971–1980
data and validated with 1981–1990 data using the daily
observed streamflow. The period after 1990 was excluded
from the model calibration and validation to minimise the
influence of water resource development on measured
streamflow (Mair and Fares, 2011). The model was run at
a 3-hr time step; simulated streamflow was aggregated into
daily values to evaluate the model performance. During
the model sensitivity analysis, we iteratively adjusted the
value of one parameter at a time until a reasonable
agreement was achieved between daily observed and
simulated streamflow. In addition to calibrating against
the observed streamflow data, DHSVM parameters (LAI,
albedo and leaf conductance) were also adjusted so that the
simulated ET would be between 51% and 54% of the
gross rainfall (Giambelluca and Oki, 1987; Giambelluca
et al., 2009) while canopy interception would account for
30% of the gross rainfall (Safeeq, 2010). We were unable
to calibrate the model against ET at a finer time scale
(e.g., daily, weekly) because of the lack of the long-term
daily or monthly site specific ET and canopy interception
data. The final values of the vegetation and soil parameters
achieved at the end of the calibration phase are given in
Tables I and II, respectively.

DHSVM performance evaluation

The accuracy of DHSVM in simulating daily streamflow
was evaluated using the coefficient of efficiency (E) (Nash
and Sutcliffe, 1970), the correlation coefficient (R), the ratio
of root mean squared error to observations standard
deviation (RSR) and the model overestimation bias in
percentage (PBIAS) (Gupta et al., 1999). These accuracy
indicators are defined as follows:
Copyright © 2011 John Wiley & Sons, Ltd.
The coefficient of efficiency:
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The model overestimation bias in percentage:
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The ratio of root mean squared error to observations
standard deviation:
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where Oi, Si andO
:::
are the measured, simulated and mean

of measured values, respectively. N is the total number of
data points in the simulation. E can take any value from
minus infinity to 1; R and RSR vary between 0 and 1.
However, PBIAS varies from 100 to negative infinity. A
value of E more than 0.35 and less than 0.50 was
considered an indicator of average performance; however,
a value between 0.50 and 0.70 indicates a good
performance, and a value greater than 0.70 indicates a
very good performance. Similar thresholds for E were
also suggested by other researchers (Mishra et al., 2010;
Oleson et al., 2008). The model performance was
considered as good if R was greater than 0.8 and very
good if R was greater than 0.90. On the basis of RSR, the
model performance is considered satisfactory if RSR≤
0.70, good if RSR≤ 0.60 and very good if RSR≤ 0.50.
Values of PBIAS indicate the model’s overprediction
(PBIAS< 0) or underprediction (PBIAS> 0) of stream-
flow, where a value of 0 corresponds to a perfect
prediction. The model performance is considered very
good if the value of PBIAS is less than 10%, good if
PBIAS is between 10% and 15% and satisfactory for
values between 15% and 25%. Along with observed and
simulated daily hydrograph, annual cumulative total
streamflow, direct runoff and baseflow during the dry
season (May–October), wet season (November–April)
and on annual (January–December) basis were also
compared.

Climate change scenarios

In this study, a total of 24 climate change scenarios
(Table III) were generated on the basis of the IPCC Special
Hydrol. Process. 26, 2745–2764 (2012)



Table 1. Final values of DHSVM vegetation parameters at the end of the calibration phase

Vegetation parameters Overstorya Understory Open shrub Grassland

Impervious fraction (%) <0.5 0 0 0
Fractional coverageb 0.9 – – –
Hemi fractional coverageb 0.9 – – –
Trunk spaceb 0.5 – – –
Aerodynamic attenuationb 2� 0.5 – – –
Radiation attenuationb 0.15� 0.05 – – –
Height (m)c 20� 4 1.5 3 0.5
Monthly LAIc 4.5� 0.25 1.6� 0.5 2.9� 1.3 0.5
LAI multiplier for rain (m)d 0.0008 0.0008 0.0008 0.0008
Maximum resistance (sm�1)d ,e 5000 3000 600 600
Minimum resistance (sm�1)d ,e 666.6� 150 200 178 178
Moisture thresholdd 0.32–0.28 0.28 0.28 0.33
Vapor pressure deficit (Pa)b 4000 4000 4000 4000
Critical light level Rpc (Wm�2)b 0.108 0.108 0.108 0.108
Monthly albedod 0.13� 0.02 0.12 0.12 0.19
Root zone depth (m)d 0.75–2.0 0.35–1.1 0.35 0.35
Root fraction in layers 1, 2 and 3d 0.6, 0.3, 0.1 0.6, 0.4, 0.0 0.6, 0.4, 0.0 0.6, 0.4, 0.0

a Evergreen forest and palustrine forested wetland
b Model default
c Based on measured values at three locations (Mair and Fares, 2010b)
d Initial values are either model default or based on literature (Stratton, et al. 2000;
Cordell, et al., 1998; Santiago, et al. 2000; Alves de Sena, et al., 2007)
e Modified parameters during calibration

Table 2. Final values of DHSVM soil parameters at the end of the calibration

Parameter
Soil
layer

Soil type

SCL CL SSC SC RL/RO SL MP Tp-D

Fraction of study area (�) 0.04 0.05 0.15 0.03 0.38 0.1 0.01 0.23
Bulk density (kgm�3) 1 695 695 692 750 684 684 600 687

2 750 750 760 960 742 742 612 742
3 895 895 901 1050 950 950 650 901

Porosity (�) 1 0.66 0.645 0.675 0.725 0.666 0.668 0.77 0.72
2 0.65 0.636 0.655 0.695 0.615 0.632 0.77 0.69
3 0.645 0.616 0.645 0.693 0.605 0.632 0.77 0.65

Field capacity (�) 1 0.47 0.462 0.42 0.45 0.411 0.452 0.5 0.44
2 0.479 0.465 0.425 0.455 0.415 0.463 0.52 0.455
3 0.479 0.472 .432 0.46 0.425 0.467 0.54 0.464

Wilting point (�) 1 0.3 0.32 0.32 0.32 0.33 0.36 0.36 0.32
2 0.32 0.28 0.33 0.33 0.34 0.32 0.36 0.32
3 0.32 0.28 0.33 0.29 0.36 0.32 0.36 0.32

Maximum infiltration capacity (10�3�ms�1) 0.30 0.10 0.10 1.00 0.40 0.80 7.40 8.81
Exponential decay of lateral Ksat (�)a 2.15 2.12 3.15 3.25 4.15 2.35 0.5 3.1
Lateral Ksat (10

�6�ms�1) 5.12 5.17 10.74 8.33 9.50 6.50 35.00 8.23
Vertical Ksat (10

�6�ms�1) 1 0.42 0.42 3.70 0.42 6.13 4.23 8.41 7.41
2 0.23 0.23 2.67 0.22 4.15 3.23 8.41 6.11
3 0.04 0.04 0.70 0.02 1.13 1.02 8.41 5.40

SCL, silty clay loam; CL, clay loam; SSC, stony silty clay; SC, stony clay; RL/RO, rock land/rock outcrop; SL, stony land; MP, mucky peat; Tp-D,
Tropohumult–Dystrandepts association.
a Saturated hydraulic conductivity
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Reports on Emission Scenarios (IPCC, 2001), local trend
analysis and GCM downscaling (Timm and Diaz, 2008).
On the basis of the IPCCs projections of green house gas
emission for the 21st century, atmospheric concentration
of CO2 is expected to increase between 550 (B1 emission
scenario) and 970 ppm (A1F1 emission scenario) from its
current concentration of 330 ppm. The two extreme
scenarios represent a future world of a very rapid
Copyright © 2011 John Wiley & Sons, Ltd.
economic growth (A1F1 emission scenario—970 ppm)
or a future world with low economic growth and fossil
fuel independency (B1 emission scenario—550 ppm). To
bracket the range of changes in precipitation over the
Hawaiian Islands, four arbitrary precipitation scenarios
with respect to the current level (i.e. 0%,�5%,�10% and
�20%) were selected. Two additional precipitation-based
scenarios were generated on the basis of six GCM
Hydrol. Process. 26, 2745–2764 (2012)



Table 3. Climate change sensitivity scenarios simulated using DHSVM based on the current (white), B1 (light gray), A1B (orange) and A1F1
(dark gray) emission scenarios

Scenarios 
CO2 Emission 

(ppm) 
Temperature 

(oC)
Precipitation (%) 

Reference 330 0 0
1 330 1.1 0
2 330 6.4 0
3 330 0 -5
4 330 0 -10
5 330 0 -20
6 330 0 5
7 330 0 10
8 330 0 20
9 550 1.1 0

10 550 1.1 -5
11 550 1.1 -10
12 550 1.1 -20
13 550 1.1 5
14 550 1.1 10
15 550 1.1 20
16 970 6.4 0
17 970 6.4 -5
18 970 6.4 -10
19 970 6.4 -20
20 970 6.4 5
21 970 6.4 10
22 970 6.4 20

23 710 0
-5% in wet and +5 % in 

dry season 

24 710 0
-10% in wet and +5% in 

dry season 
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predictions for Hawaii under AR4 A1B emission scenario.
Temperature-based scenarios were generated by increasing
the temperature by 1.1 and 6.4 �C. All the climate change
scenarios were generated using the ‘delta method’ (Hamlet
and Lettenmaier, 1999) on observed precipitation and air
temperature data at WS1, WS2 and WS3 between water
years 1967 and 2009. Average monthly precipitations were
increased or decreased in a relative term with a value of one
meaning there is no change and a value of 1.05 meaning a
5% increase in precipitation compared with historical data.
Changes in air temperature were made by adding the
required 1.1 or 6.4 �C to observed temperature.
The complex and nonlinear forest–atmosphere interac-

tions can dampen or amplify the anthropogenic climate
change (Bonan, 2008). An increase in CO2 concentration
not only causes increases in air temperature but also will
result in a reduction of leaf stomatal conductance (Saxe
et al., 1998;Medlyn et al., 2001;Wullschleger et al., 2002)
and an increase in LAI because of enhanced photosynthesis
(Pritchard et al., 1999; Wand et al., 1999). Doubling of
CO2 concentration could decrease the stomatal conduct-
ance by 40% in crops (Morison, 1987) and 21% (Medlyn
et al., 2001) to 23% (Field et al., 1995) in tree species. We
adjusted the stomatal conductance of all vegetation classes
in the model using a similar approach to that used in SWAT
(Arnold et al., 1998) model based on the following
Copyright © 2011 John Wiley & Sons, Ltd.
equation (Easterling et al., 1992):

gCO2 ¼ g� 1:4� 0:4� CO2

330

� �� �
(5)

where gCO2 is the modified conductance to reflect the
increased CO2 effects, g is the conductance without the
effect of CO2, CO2 is the increased CO2 concentration level
and 330 represents the current atmospheric CO2 concentra-
tion. Pritchard et al. (1999) reported an increase of LAI by
37% in crop species, 15% in wild non-woody species and
14% in tree species. Similar to Eckhardt and Ulbrich (2003),
we used a smaller increase (7%) in LAI with doubling of
CO2 concentration for all vegetation types.
Although, many studies mentioned earlier confirm the

effect of elevated atmospheric CO2 on plant LAI and leaf
conductance, the process will be dynamically opposed to
a step change (adopted in this study) and may take few
years to decades before any significant change in LAI or
leaf conductance can be seen. In addition, the elevated
CO2 can alter plant growth, biomass and chemical
composition of plant tissues. However, all of these
changes will depend on the hydrologic feedback between
vegetation, soil and atmospheric conditions (Niyogi and
Xue, 2006). We want to show how potential changes in
LAI and leaf conductance might influence ET and
streamflow keeping in mind the uncertainty and complex
Hydrol. Process. 26, 2745–2764 (2012)
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Figure 3. Climographs of mean monthly precipitation, average temperature and streamflow for Mākaha watershed. Temperatures at WS2 and WS3 were
estimated from WS1 and nearby Western Regional Climate Center Remote Automated Weather Stations
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nonlinear response (Drake et al., 1997; Long et al., 2004;
Taub, 2010) of vegetation to elevated atmospheric CO2

concentration. Because greenhouse gasses are the primary
driver for projected changes in temperature and precipi-
tation, it is important to consider the direct effect of CO2

on vegetation which can substantially influence the
surface hydrological processes (Alo and Wang, 2008).
We will explicitly address the relative hydrologic effect of
potential changes in precipitation, temperature and CO2.
Figure 4. Hydrograph of observed and simulated streamflow during (A)
Corresponding watershed average daily rainfall is shown on the secondary a

simulated streamflow al

Copyright © 2011 John Wiley & Sons, Ltd.
Climate change scenarios were simulated using
DHSVM for a 43-year period (1967–2009) after adjusting
precipitation and temperature. Scenarios with 550 and
970 ppm CO2 emissions were repeated after adjusting the
LAI and leaf conductance. Other climate variables (i.e.
solar radiation, wind speed and relative humidity) were
kept constant for all scenarios. Simulation results were
then summarised on a monthly, seasonal and annual basis
and were compared with the reference scenario. Two-
calibration and (B) validation periods at the USGS stream gauge S1.
xis. The figure on the right panels of A and B are plots of observed and
ong with the 1:1 line.

Hydrol. Process. 26, 2745–2764 (2012)
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sample t-tests were used to compare the selected climate
scenario with the reference scenario.
RESULTS

Climographs showing the mean monthly precipitation,
average temperature and streamflow for Mākaha water-
shed between 1967 and 2009 are presented in Figure 3.
Rainfall is largely dictated by topography, and a strong
coast to mountain crest rainfall gradient exists between
the gauge WS1, WS2 and WS3. Average annual rainfall
at gauge WS1 and WS2 are only 31% and 73% of the
total rainfall at WS3, respectively. In addition, the
variance in the mean monthly precipitation increased
from WS1 to WS3, indicating greater seasonal variability
in monthly precipitation at higher elevation. The
streamflow correlates well with the rainfall; this
correlation is high during the wet season and low
during the dry season. In contrast to precipitation and
streamflow, seasonal air temperature amplitudes were
small (< 5 �C).

DHSVM calibration

Observed and simulated daily streamflow hydrographs
shol reasonable agreement during the calibration period
(Figure 4A). DHSVM underpredicted the peak flows
during high rainfall events and overpredicted the low
flows (<0.1mm) during the dry season. The ability of the
model to capture the dry season baseflow was improved
after adjusting the soil depth, plant available water and
lateral saturated hydraulic conductivity. Cuo et al. (2006)
and Thanapakpawin et al. (2007) reported similar
behaviour of DHSVM; it does not simultaneously match
very well both the stream peak flow and the baseflow.
Beckers and Alila (2004) attributed these tradeoffs
between accurate simulation of peak flow and baseflow
to the poor representation of preferential flow in the
model. Preferential pathways in the form of macropores,
fractures and root holes facilitate the quick movement of
water out of the simulated system. Thus, no effort was
made to match low flows on the cost of underestimating
high flows because the contribution of the former to the
total monthly and annual flow was insignificant (< 1%).
Notably, a substantial portion of the stream base flow
(0.15mmday�1) has been captured by Glover tunnel since
its inception (Takasaki, 1971). We were unable to correct
the measured flow at S1 because of the lack of the long-term
flow measurement from the tunnel. However, two short-
term measurements from the tunnel during 1949–1956 and
1962–1965 (Mair and Fares, 2011) indicate that a new
hydrologic equilibrium could have been reached before
1971(year after which model was calibrated and validated).
Hence, the transient effect of the Glover tunnel on stream
baseflow above gauge S1 (Figure 1) can be considered
negligible.
Simulated annual streamflow matches reasonably well

with the measured streamflow except for 1976 during
which DHSVM overpredicted the total streamflow
Copyright © 2011 John Wiley & Sons, Ltd.
because of a 1-day rainfall storm that from the tunnel
556mm of rain (Figure 4A). DHSVM underpredicted the
total streamflow during the wet season and overpredicted
it during the dry season (Figure 5). There is a reasonable
agreement between the simulated and the observed annual
and dry season direct runoff; however, the model
underpredicted the direct runoff during the wet season.
The performance of DHSVM in simulating the baseflow
during the dry season was mixed with slight over-
prediction during 6 years and matched well during the
remaining 4 years (1973, 1977, 1978 and 1980). The
simulated baseflow of the wet season was comparable
with the observed baseflow except for 1976, the year with
that single high rainfall event in February, when DHSVM
overpredicted baseflow (Figure 5).
The model performance over the entire calibration

period is considered ‘satisfactory’ to ‘good’ on the basis
of the four performance criteria used (R = 0.83, E= 0.68,
PBIAS = 0.24 and RSR= 0.57). Similarly, its yearly
performance is also considered overwhelmingly ‘good’
on the basis of the R, E and RSR indicators. On the yearly
basis, DHSVM performance is considered ‘good’ for
most of the years if we use R, E and RSR criteria.
However, it has a mixed performance based on the
PBIAS criteria (Table IV).
Validation of DHSVM

There is a better agreement between observed and
simulated streamflow hydrographs during the validation
period compared with the calibration (Figure 4B), which
can be attributed in part to a slightly more uniform
precipitation during this period. The wet and dry season
rainfall during the validation period were 4% and 31%
higher compared with that of the calibration period,
resulting in a relatively uniform rainfall within the year.
This can be attributed to the fact that Pacific Decadal
Oscillation, which is negatively correlated with precipi-
tation in Hawaii (Chu and Chen, 2005), was in a positive
phase during the model validation period. DHSVM
performance was poor during the late part of 1983 and
early part of 1984 because of an extreme drought. The
period 1971–1986 had a statewide drought resulting in a
significantly lower 1-, 7- and 30-day average minimum
streamflow (Oki, 2004) at gauge S1.
DHSVM slightly underpredicted the annual total

streamflow (Figure 5) except for the years with extreme
rain events during which the model overpredicted the
total streamflow. It underpredicted the direct runoff of all
magnitudes and overpredicted the baseflow during wet
years. We compared observed and simulated hydrographs
on individual event basis (i.e. February 1976 event) to
further investigate this tradeoff between overland flow
and baseflow during wet years. A comparison of event-
based hydrographs indicates that DHSVM significantly
underpredicted the peak flow and overpredicted the
baseflow during the flow recession portion of the
hydrograph. This indicates that during high-intensity
rainfall, the overland flow is not accurately represented
Hydrol. Process. 26, 2745–2764 (2012)
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by the static user-specified infiltration capacity imple-
mented in DHSVM. Because infiltration rate depends on
the degree of saturation of the soil, a dynamic infiltration
capacity would probably be more accurate under these
conditions.
The mean daily simulated streamflow values during each

year of the model validation period were in agreement with
their corresponding mean daily observed flow values
(Table IV). On an annual basis, the values of R varied
between 0.75 and 0.98; however the coefficient of efficiency
ranged between 0.41 and 0.78. The values of RSR were in
the ranges of 0.46 to 0.77. Streamflow was overestimated
during 1987–1989 (PBIAS< 0) and underpredicted during
the rest of the period. However, over- and/or under-
predictions were satisfactory (PBIAS< 25) except for
1981. The model performance is considered satisfactory
on the basis of the values of the four indicators R (0.86),
E (0.86), PBIAS (0.81) and RSR (0.68).
The mean monthly observed and simulated streamflow

and ET values for the combined period (calibration and
validation) were plotted to test if the model captures the
month-to-month variability. Overall, the model does a
reasonable job of reproducing the month-to-month
variability in total streamflow, baseflow, direct runoff
Copyright © 2011 John Wiley & Sons, Ltd.
and ET (Figures 6A–6D). The over- and/or under-
prediction of mean January and February flows were
primarily associated with few extreme rain storms as
discussed earlier. Two-sample Kolmogorov–Smirnov test
results showed no significant difference (D = 0.094,
p = 0.58) between observed and simulated wet season
monthly streamflow. However, the null hypothesis of no
significant difference between dry season observed and
simulated monthly streamflow was rejected (D= 0.23,
p = 0.01). Monthly ET values were higher during the wet
season compared with the dry season, which can be
mostly attributed to higher interception losses rather than
higher soil moisture. Giambelluca et al. (2009) also
reported similar seasonal distribution of ET and found no
correlation with soil moisture.

Comparison with previous ET and recharge estimates

Because DHSVM was only calibrated against daily
observed streamflow and long-term average ET, we
compared the simulated water balance components with
previous studies in Hawaii (Table V). The simulated annual
ET represents 56% of the annual rainfall for Mākaha
watershed, which is in the range of what was reported for
Hydrol. Process. 26, 2745–2764 (2012)



Table 4. DHSVM performance statistics during calibration and validation at gauge S1

Light gray indicates an unsatisfactory performance, white indicates an average performance and dark gray indicates at least a good model performance.
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Figure 6. Comparisons of mean monthly observed and simulated (A) total streamflow, (B) baseflow, (C) direct runoff and (D) evapotranspiration at
gauge S1. No observation of monthly ET was available for the study site
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West Oahu (34%–79%) and Hawaii (33%–79%). Previous
recharge estimates in terms of fraction of gross rainfall
ranged between 18% and 43%, whereas the annual
groundwater recharge accounts for 33% of the annual
rainfall (Table V). The annual groundwater recharge in
Hawaiian watersheds ranges between 18% and 43% of the
annual rainfall, which indicates that the annual groundwater
recharge of the current study fits well within the range of
annual groundwater recharges reported for Hawaiian
watersheds. This wide range of groundwater recharge on
Copyright © 2011 John Wiley & Sons, Ltd.
Hawaiian watershed is due to the spatial and temporal
variability in rainfall across the landscape, which is
influenced by the dominant impact trade winds (leeward
vs. windward).
Hydrologic characteristics of the reference scenario

The mean monthly measured watershed rainfall varies
between 49.6mm in August and 178.3mm in January
(Table VI). The average monthly simulated streamflow at
Hydrol. Process. 26, 2745–2764 (2012)
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S2 varied between 3.5mm in August and 18.8mm in
January. Although the average annual rainfall is greater
than 1000mm, only 66% of the watershed receives more
than 1000mm of rain a year. The mean annual rainfall
above gauge S1 was 1686mm compared with 975mm in
the downstream area (between gauge S1 and S2). The
minimum and the maximum monthly mean ET values
were 49.8 mm in August and 74.6 mm in March,
respectively. During the 43 years (1967–2009) of simu-
lation period, the average annual precipitation, ET and
streamflow varied between 1297, 766 and 122mm,
respectively (Table VII). Sixty-nine percent of the annual
precipitation occurred during the wet season and the rest
(31%) during the dry season. Seasonal variation of ET
and streamflow were similar to that of rainfall.
Climate sensitivity of streamflow

The average annual and seasonal streamflow followed the
precipitation dynamic under the current emission scenario
(Table VII). However, the rates of increase and decrease in
streamflow under increasing and decreasing precipitation
scenarios were different (Figure 7A). The effect of
precipitation changes on dry season streamflow was less
pronounced than that of the wet season. An increase in the
average air temperature by 1.1 and 6.4 �C decreased the
annual streamflow by 0.5% and 2.6%, respectively. The
�20% precipitation scenario resulted in a 50% decline in
streamflow; however, a 20% increase in precipitation
resulted in 72.8% increase in streamflow. The average rates
of annual streamflow increase and decrease were 3.6 and
2.45 with each unit increase and decrease in precipitation,
respectively (Figure 7A). As expected, the sensitivity of
annual streamflow to precipitation decreased with increas-
ing temperature. The effect of increasing temperature was
more prominent under increasing precipitation scenarios. A
1.1 �C increase of the average temperature resulted in an
annual streamflow decrease of approximately 0.9% in
April and 0.07% in August. A 6.4 �C temperature increase
resulted in a streamflow decrease of 3.89% in May and
0.40% in August. Effects of increasing and decreasing
Table 5. Comparisons of the values of the water balance components o

Recharge (%) Streamflow (%) ET (%)

31 8 61
31–39 32 36–39
34 16 50
24 43 33
40 15 45
43 15 42
18 – –
– – 40–51
– – 79
– – 34
– – 59
19–40a 5 54–75a

33 11 56

a Recharge and ET were calculated using hourly, daily and monthly time st

Copyright © 2011 John Wiley & Sons, Ltd.
precipitation on streamflow were relatively small during
the late summer (August, September and October) and
highest during the late winter (February, March and
April).
The changes in precipitation under B1 emission

scenario did not alter the trend in the annual and seasonal
streamflow as compared with those of the current
emission scenario (Table VII). A maximum increase
(71.4%) and decrease (50.2%) in annual streamflow,
relative to the reference scenario, were the result of a 20%
increase and decrease in the reference precipitation,
respectively. Changes in leaf conductance and LAI had
non-significant effects on annual streamflow (Table VIII).
On the basis of paired t-test results, there was a non-
significant (p> 0.05) difference between the percent
change in the annual and the seasonal streamflow with
and without changes in LAI and leaf conductance. Under
B1 emission scenario, changes in annual and monthly
mean streamflow due to changes in precipitation were
similar to those of the current emission scenario. October
had the smallest (42.98%) decrease and January had the
largest increase (79.14%) in the mean monthly streamflow
under 20% precipitation decrease and increase, respectively.
The sensitivity of annual and seasonal streamflow to

changes in temperature and precipitation under the A1F1
emission scenario was more prominent compared with
that of the current and B1 emission scenarios (Table VII).
The paired t-test results show significant (p< 0.001)
differences in annual and seasonal streamflow changes
under the A1F1 and the current emission scenarios.
Although the streamflow variations followed those of the
precipitation, the increased patterns were different from
the decrease responses. When the precipitation was
decreased by 20%, the decline in annual streamflow
(51%) was slightly higher than those under the current
(50%) and B1 emission scenarios (50.2%). Similarly,
when precipitation increased by 20%, the 68% increase in
annual streamflowwas lower than that of the B1 (71.4%) and
the current emission scenario (72.8%). The annual stream-
flow under the A1F1 scenario increased by 3.5% for a 1%
precipitation increase but decreased by 2.4% for 1%
f the current study and with those reported in the literature

Study location Reference

Western Oahu Nicholas et al. (1996)
Kauai Izuka et al. (2005)
Molokai Shade (1997)
Kauai Shade (1995)
Southern Oahu Giambelluca (1983)
Southern Oahu Shade and Nichols (1996)
Hawaii Oki (2002)
Hawaii Giambelluca et al. (2009)
Western Oahu Takasaki (1971)
Western Oahu Mink (1978)
Mākaha, Oahu Lao (2002)
Central Oahu Giambelluca and Oki (1987)
Mākaha, Oahu This study

eps.

Hydrol. Process. 26, 2745–2764 (2012)



Table 6. Average monthly water budget components and mean air temperature for the 43-year reference scenario

Month\variable Precipitation (mm) ET (mm) Streamflow (mm) Temperature (�C)

January 178.3 71.0 18.8 21.0
February 150.8 66.9 18.5 20.7
March 141.6 74.6 14.7 21.1
April 96.3 74.5 11.0 21.4
May 76.0 65.7 7.9 22.4
June 52.7 58.4 4.9 23.2
July 51.0 57.5 4.0 23.9
August 49.6 49.8 3.5 24.0
September 63.6 52.9 4.0 24.0
October 110.8 56.3 6.7 23.7
November 153.0 67.2 14.0 23.0
December 171.8 71.5 13.9 21.9
Average 108.0 63.9 10.1 22.5
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precipitation decrease. The effect of CO2 level on LAI and
leaf conductance under A1F1 emission scenario had
significant effects on annual and seasonal streamflows
(Table VIII). A 6.4 �C temperature increase under this
scenario resulted in a 9.2% increase in the annual streamflow
compared with a 2.6% decrease under the current emission
Table 7. Percentage change in ET and streamflow (SF) during each
corresponding changes in temperature (T), precipitation (P) and CO2 co
LAI and leaf conductance

CO2 concentration (ppm) T (�C) P (mm)

Reference scenario 22.5

Annual Wet Dry

1296.8 891.8 404.8

T (�C) P (%)a

Current emission scenario
330 1.1 0
330 6.4 0
330 0 �5
330 0 �10
330 0 �20
330 0 5
330 0 10
330 0 20
B1 emission scenario
550 1.1 0
550 1.1 �5
550 1.1 �10
550 1.1 �20
550 1.1 5
550 1.1 10
550 1.1 20
A1F1 emission scenario
970 6.4 0
970 6.4 �5
970 6.4 �10
970 6.4 �20
970 6.4 5
970 6.4 10
970 6.4 20
A1B emission scenariob

330 0 �1.9 �5 5
330 0 �5.3 �10 5

a Percentage changes are relative to reference scenario;
b Scenarios based on Timm and Diaz (2008)

Copyright © 2011 John Wiley & Sons, Ltd.
scenario. Paired t-test results show a highly significant
(p< 0.01) difference between the percent change
in streamflow with and without changes in LAI and
leaf conductance. The contrasting responses of streamflow
under different emission scenarios are presented in
Figure 7B.
climate change scenario compared with the reference scenario with
ncentration assuming that changes in CO2 emission will not affect the

ET (mm) SF (mm)

Annual Wet Dry Annual Wet Dry

766.4 425.6 340.8 121.8 90.8 31.0

ET (%)a SF (%)a

0.5 0.8 0.2 �0.5 �0.6 0.0
2.0 3.2 0.6 �2.6 �2.5 �2.6

�2.3 �1.6 �3.2 �14.6 �15.3 �12.4
�4.7 �3.2 �6.6 �27.8 �28.9 �24.5
�10.3 �7.2 �14.1 �50.0 �51.4 �45.8

2.1 1.4 3.0 16.3 16.9 14.5
4.1 2.7 5.9 33.8 35.1 29.9
7.7 5.0 11.1 72.8 76.2 62.9

0.5 0.8 0.2 �0.5 �0.6 0.0
�1.8 �0.8 �3.0 �15.1 �15.8 �13.0
�4.3 �2.5 �6.5 �28.3 �29.4 �25.3
�9.9 �6.5 �14.1 �50.2 �51.7 �45.5
2.7 2.2 3.3 15.4 16.0 13.7
4.7 3.5 6.2 32.8 34.1 28.9
8.4 5.9 11.4 71.4 74.8 61.7

2.0 3.2 0.6 �2.6 �2.5 �2.6
�0.4 1.5 �2.8 �16.7 �17.4 �14.6
�3.0 �0.3 �6.3 �29.5 �30.6 �26.4
�8.8 �4.5 �14.2 �51.0 �52.4 �46.8
4.3 4.7 3.8 13.0 13.8 10.8
6.4 6.1 6.8 30.0 31.5 25.9
10.2 8.5 12.4 67.9 71.3 57.9

0.1 �1.3 1.8 �6.7 �9.6 1.7
�1.1 �2.9 1.1 �17.2 �21.2 �5.3

Hydrol. Process. 26, 2745–2764 (2012)
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Figure 7. Streamflow changes in response to changes in precipitation and
temperature without (A) and with (B) CO2 effect on LAI and leaf conductance
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Both scenarios of seasonal precipitation change under
A1B emission scenario (�5 in wet and 5 in dry season
and �10 in wet and 5 in dry season) resulted in decreased
annual streamflow by 6.7% and 17.2% (Table VII). A
decrease in the wet season precipitation and an increase in
the dry season precipitation by 5% resulted in an increase
in the streamflow during the month of July, August,
September and October by 1.92%, 4.68%, 4.81% and
4.79%, respectively. During the remaining months of the
year, the streamflow decreased with a maximum decrease
rate of 12.08% in April and a minimum decrease rate of
0.09% in June. In the second scenario, when the wet
season precipitation was decreased by 10% and the dry
season precipitation was increased by 5%, the streamflow
declined during all months except October, which showed
a 1.4% increase in streamflow. The maximum streamflow
decrease was 23.7% in April.

Climate sensitivity of evapotranspiration

Dry season ET was more sensitive to changes in
precipitation compared with that of the wet season.
However, the opposite was true with the increase in air
temperature (Table VII). An increase in air temperature
by 1.1 and 6.4 �C caused an increase in annual ET by 0.5
and 2%, relative to the reference scenario, respectively
(Table VII). The sensitivity of ET to changing precipi-
tation was similar to that of the streamflow. Changes in
annual and seasonal ET decreased with increasing
precipitation. A 1% decrease in precipitation caused
0.53% decline in annual ET compared with 0.39% when
precipitation was increased by the same magnitude
Copyright © 2011 John Wiley & Sons, Ltd.
(Figure 8A). The largest increase in the annual ET was
7.7% with a 20% precipitation increase and the largest
decrease was 10.3% with a 20% precipitation decrease.
Changes in ET as a response to changes in temperature
and precipitation varied by month. A 1.1 and 6.4 �C
increase in temperature resulted in an increase in ET
during all months except during late summer months
where ET decreased relative to that of the reference
scenario, indicating that most of the water was lost during
the winter and early summer because of higher evapora-
tive demand. Seasonality in ET was more prominent with
precipitation scenarios. Decrease in ET during August
and September was 75%–90% of the total decline in
precipitation. The minimum and the maximum decrease
in ET values with a 20% decrease in precipitation were
5.7% in January and 18.2% in August, respectively.
However, the minimum and the maximum increase in ET
values with a 20% increase in precipitation were 4.0% in
January and 14.4% in August, respectively.
Changes in precipitation and temperature under B1

emission scenario caused ET to decline with a
decreasing precipitation and to increase with an
increasing precipitation. The ratio of change in annual
ET per unit increase in precipitation was 0.39; however,
this ratio was 0.52 for every unit decrease in
precipitation. Average changes in annual ET during
increasing and decreasing precipitations were similar to
those of the current emission scenario. However, the
sensitivity of annual ET to precipitation change during
B1 and the current emission scenario was significantly
different (p = 0.002). A 20% increase in precipitation
under B1 emission scenario resulted in an 8.4% increase
in annual ET compared with a 7.7% increase during the
current emission scenario. The effect of CO2 on LAI and
leaf conductance resulted in a relatively smaller change
in ET values (Table VIII) compared with those of the
scenarios without modified LAI and leaf conductance
(Table VII). Modified LAI and leaf conductance had
greater impact on the wet season ET compared with that of
the dry season. Changes in annual and seasonal ETwith and
without changes in LAI and leaf conductance were
statistically significant (p< 0.02). The effect of modified
LAI and leaf conductance was prominent with increasing
precipitation scenarios (Figure 8B). Seasonal changes under
this scenario were slightly different from the current
emission scenario. An increase of temperature by 1.1 �C
resulted in a decrease in ET during all months except July,
August and September. The maximum and the minimum
decreases in ET with a 20% precipitation decrease were
16.4% and 6.9% in August and January, respectively. A
20% precipitation increase resulted in a maximum and
minimum increase in ET by 15.2% in August and 2.4% in
February, respectively.
The effect of an increase in temperature and precipi-

tation under A1F1 emission scenario caused a relative
increase in ET for all precipitation scenarios (Table VII).
Under decreasing precipitation scenarios, the annual and
seasonal ET declined in all cases; however, the magnitude
of decline was small compared with that of B1 emission
Hydrol. Process. 26, 2745–2764 (2012)



Table 8. Percentage change in ET and streamflow (SF) during each climate change scenario compared with the reference scenario with
corresponding changes in temperature (T), precipitation (P) and CO2 concentration. LAI and leaf conductance were modified to reflect the
increase in CO2 concentration

CO2 concentration (ppm) T (�C) P (mm) ET (mm) SF (mm)

Reference Scenario 22.5

Annual Wet Dry Annual Wet Dry Annual Wet Dry

1296.8 891.8 404.8 766.4 425.6 340.8 121.8 90.82 31.03

T (�C) P (%)a ET (%)a SF (%)a

Current emission scenario
330 1.1 0 0.5 0.8 0.2 �0.5 �0.6 0.0
330 6.4 0 2.0 3.2 0.6 �2.6 �2.5 �2.6
330 0 �5 �2.3 �1.6 �3.2 �14.6 �15.3 �12.4
330 0 �10 �4.7 �3.2 �6.6 �27.8 �28.9 �24.5
330 0 �20 �10.3 �7.2 �14.1 �50.0 �51.4 �45.8
330 0 5 2.1 1.4 3.0 16.3 16.9 14.5
330 0 10 4.1 2.7 5.9 33.8 35.1 29.9
330 0 20 7.7 5.0 11.1 72.8 76.2 62.9
B1 emission scenario
550 1.1 0 �0.9 �1.4 �0.3 �0.3 �0.4 0.0
550 1.1 �5 �3.1 �2.9 �3.4 �14.9 �15.6 �12.9
550 1.1 �10 �5.5 �4.5 �6.6 �28.3 �29.5 �24.7
550 1.1 �20 �10.9 �8.4 �14.0 �50.5 �52.0 �45.9
550 1.1 5 1.2 0.0 2.6 16.3 16.8 14.6
550 1.1 10 3.1 1.3 5.4 33.7 35.0 29.7
550 1.1 20 6.6 3.6 10.4 73.1 76.3 63.6
A1F1 emission scenario
970 6.4 0 �9.4 �12.4 �5.7 9.2 8.5 11.1
970 6.4 �5 �11.2 �13.6 �8.1 �7.1 �8.3 �3.5
970 6.4 �10 �13.0 �14.9 �10.7 �21.7 �23.5 �16.5
970 6.4 �20 �17.3 �18.0 �16.4 �46.3 �48.3 �40.4
970 6.4 5 �7.8 �11.3 �3.5 27.2 27.2 26.9
970 6.4 10 �6.3 �10.2 �1.4 46.5 47.3 43.8
970 6.4 20 �3.6 �8.3 2.3 90.0 92.7 81.5

a Percentage changes are relative to reference scenario
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scenario. Decrease in annual ET due to a decline of
precipitation by 5% was nearly offset by a 6.4 �C increase
in temperature. Changes in temperature and precipitation
combined with modified LAI and leaf conductance for
increased CO2 concentration under A1F1 emission
scenario resulted in a decreased ET for all precipitation
scenarios (Table VIII). The largest decrease in annual ET
was 17.3% for a 20% decline in precipitation, and the
smallest decrease was 3.6% with a 20% precipitation
increase. The rate of decrease in annual ET with
decreasing precipitation scenarios was higher than that
during increasing precipitation scenarios. An increasing
and a decreasing precipitation by 1% resulted in a 0.29%
and 0.40% decrease in annual ET, respectively. Increas-
ing only temperature by 6.4 �C resulted in a 9.4% decline
in annual ET. The contrasting climate sensitivity of
annual ET under different CO2 emission scenarios is
illustrated in Figure 8B. ET decreased during all months
in a response to decreasing precipitation scenarios with a
maximum and a minimum decline in the months of May
and September, respectively. There was an increase in ET
during mid and late summer months under increased
precipitation scenarios. The changes in ET were in the
same direction as the changes in precipitation (i.e. an
increase in precipitation caused an increase in ET and
Copyright © 2011 John Wiley & Sons, Ltd.
vice versa). The effect of modified leaf conductance and
LAI on the sensitivity of annual and seasonal ET to
changes in precipitation and temperature was statistically
(p< 0.001) significant.
The effect of seasonal precipitation change scenarios

had a very little effect on the annual ET but resulted in a
significant change in seasonal ET (Table VII). Increasing
and decreasing of the wet and dry season precipitation by
5% resulted in a 0.1% increase in the annual ET but a 1.8%
increase during the dry season. However, decreasing the
wet season precipitation by an additional 5% resulted in a
1.1% decline in annual ET and amaximum decline of 2.9%
during wet season. Seasonal changes in ET were in
agreement with seasonal changes in precipitation. The
increase in ET during the summer months was smaller
under the scenario with wet season precipitation declining
by 10% compared with a 5% decline.
Climate elasticity of streamflow

The climate elasticity of streamflow was calculated with
the nonparametric estimator of elasticity, which is based on
the median of the ratio of the relative change in the model
output to the relative change in the model input on a given
time step (Sankarasubramanian et al., 2001). Changes in
Hydrol. Process. 26, 2745–2764 (2012)
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Figure 9. Streamflow change (top) and climate elasticity of streamflow
(bottom) as a function of temperature change at different precipitation
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streamflow as a function of temperature change showed a
linear relationship for different precipitation scenarios
(Figure 9). For a 20% precipitation increase, the slope of
the streamflow–temperature curve was �0.74% �C�1,
meaning that a 1 �C temperature increase will result in a
0.74% decrease in streamflow. However, for a 20%
decrease in precipitation, the slope between streamflow
and temperature was only �0.16% �C�1, indicating that
streamflow will decline by only 0.16% per unit increase in
temperature. This indicates that the streamflow is more
sensitive to changes in temperature when it is combined
with an increase in precipitation. If the precipitation were to
remain constant, a 1 �C temperature increase will decrease
the streamflow by a 0.40%.
The precipitation elasticity of streamflow increased

with increasing precipitation. However, with increasing
temperature, the precipitation elasticity of streamflow
showed an increasing and decreasing trends under
decreasing and increasing precipitation scenarios, respect-
ively (Figure 9). The most significant change in the
precipitation elasticity of streamflow was under 20%
precipitation decline scenario, which increased from 1.84
at zero �C to 2.23 at 6.4 �C. As temperature increased, the
difference in precipitation elasticities of streamflow under
different precipitation scenarios decreased. A 2.3 precipi-
tation elasticity of streamflow means that if the precipi-
tation is changed by 1%, streamflow will change by 2.3%.
The precipitation elasticity of streamflow results are
consistent with the relative changes in streamflow for
each precipitation change scenario reported in Table VII.
Copyright © 2011 John Wiley & Sons, Ltd.
Climate elasticity of evapotranspiration

The changes in ET with increasing temperature showed
linear increase for different precipitation scenarios
(Figure 10). The maximum slope of the correlation between
change in ET and temperaturewas (0.38% �C�1) associated
with a 20% precipitation increase, whereas the minimum
slope was (0.22 % �C�1) with a 20% precipitation decrease
scenario. The slope between ET and temperature was 0.31%
�C�1 for unchanged precipitation scenario. As expected, the
slopes of the ET–temperature relationship increased with
increasing precipitation.
The precipitation elasticity of ET at 0 �C temperature

change was the highest for 20% decreasing precipitation
scenarios (Figure 10). For decreasing precipitation
scenarios, the precipitation elasticity of ET decreased
with increasing temperature. This trend was the opposite
for increasing precipitation scenario where the precipita-
tion elasticity of ET increased with increasing precipita-
tion. At ~2 �C warming, the elasticity of ET under a 20%
decline in precipitation was the same as for that of a 10%
precipitation increase. Similarly, if the temperature is
increased by ~2.75 �C, the elasticities of ET under a 10%
decrease or a 20% increase in precipitation will be the
same. Also, for a 6.4 �C warming, the elasticity of ET
under a 20% increase or decrease of precipitation scenario
is nearly the same. This clearly illustrates the nonlinearity
in the sensitivity of ET to combined changes in
precipitation and temperature.
DISCUSSION

The climate change scenarios were constructed using
future emission scenarios based on the Fourth Assess-
ment Report (AR4) and Special Report on Emission
Hydrol. Process. 26, 2745–2764 (2012)
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Scenarios of the IPCC in combination with the local
trends in precipitation. However, potential uncertainty
in the projections under each scenario remains, for
example, the uncertainty in hydrologic predictions related
to problem of equifinality in the model calibration
(Sankarasubramanian et al., 2001). We used a very simple
step change approach to simulate the effect of increased
CO2 on ET and streamflow. The potential feedback
between vegetation, soil and atmosphere under elevated
CO2 (Smith and Shugart, 1993; Wang et al., 2006) was not
accounted for. Although, the projected changes in ET and
streamflow are subjected to the model uncertainty and
validity of various climate change scenarios studied, they
provide first-order vulnerability assessment. With all these
uncertainties involved due to the complex and nonlinear
nature of the system, the projected impacts should
not be viewed as predictions, rather as a vulnerability
analysis.
Elevated CO2 emissions and changes in temperature

and precipitation affected the streamflow as well as the
ET of the study area. Effects of increased temperature
alone on streamflow and ET were small compared with
what was reported by other climate change studies
(Fu et al., 2007; Ficklin et al., 2009; Liu and Cui, 2010).
Absolute change in ET and streamflow with a 5% change
in precipitation was higher than that due to a 6.4 �C
increase in temperature, indicating that a 5% change in
rainfall will have a more severe impact than a 6.4 �C
increase in temperature alone. This could be attributed to
an overall lower temperature during the year and a
narrower amplitude (i.e. difference between daily mini-
mum and maximum temperature) compared with the
continental United States and other non-tropical climates
around the world. In addition, because most of the rainfall
in the leeward part of Hawaii occurs during the wet
Copyright © 2011 John Wiley & Sons, Ltd.
season, ET supply is limited during the dry season as it is
shown from the combined temperature and precipitation
effect on streamflow and ET. When changes in
temperature are combined with those in precipitation,
their impact on ET and streamflow is significant.
Increasing CO2 concentration in the atmosphere

would have a significant impact on ET and subse-
quently on streamflow especially under A1F1 emission
scenario. We observed a significant decline in ET
because of a decrease in leaf conductance with an
increasing CO2 concentration in the atmosphere. Higher
antecedent soil moisture resulting from reduced tran-
spiration could have been the reason behind the
increase in streamflow. A similar response of elevated
CO2 concentration was reported by others studies
(Eckhardt and Ulbrich, 2003; Ficklin et al., 2009).
Because changes in the leaf conductance and LAI with
increased CO2 were solely based on values reported in
the literature, extra care is needed in the interpretation
of ET and streamflow changes. Although, changes in
leaf conductance and LAI with changing CO2 concen-
tration in the atmosphere are highly variable and
debatable, their impact on the hydrological components
can be severe and hence should not be disregarded.
Despite all the difficulties in transferring the green-
house scale experimental results to field scale (Norby
et al., 1999), a better assessment of forest response to
increasing CO2 is needed.
Sensitivity of streamflow to climate changes was

slightly higher compared with what was reported by
other studies (Fu et al., 2007; Ficklin et al., 2009;
Gardner, 2009) with similar precipitation change.
Streamflow is more sensitive to precipitation increase
than to precipitation decrease. Results of decreasing
precipitation scenarios are consistent with those of Tong
and Liu (2006); however, changes in streamflow were
higher under increasing precipitation scenarios. The
higher sensitivity of streamflow to increasing precipita-
tion can be attributed to the nature of the watershed. The
watershed of this study is relatively small and highly
mountainous (the average bed slope of the main stream
above gauge S1 is 12.4%) as compared with watersheds
in comparable studies. The time of concentration at S1 is
only 0.41 hr and the time to peak is 0.38 hr (Wu, 1969). The
less time of concentration will result in greater over land
flow and less baseflow because it does not allow the soil to
use full infiltration potential.
Although during the last 40 years the dominant vegetation

in Mākaha watershed has not significantly changed (Mair
and Fares, 2010a), recent eradication efforts of invasive
species (e.g. strawberry guava) can also potentially alter the
hydrology of the watershed. However, water resource
development in the study area significantly affected the
streamflow (Mair and Fares, 2010a; Safeeq, 2010; Mair and
Fares, 2011). Current projected declines in streamflow
(between 6.7% and 17.2%) under IPCC AR4 A1B are
equivalent to those reported (11%–17%) by Mair and Fares
(2010a) and Safeeq (2010) because of groundwater
pumping since 1991.
Hydrol. Process. 26, 2745–2764 (2012)
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SUMMARY AND CONCLUSION

A climate sensitivity of the main watershed hydrologic
components (i.e. streamflow and ET) related to
potential changes in CO2 concentration, temperature
and precipitation was performed in a flashy mountain-
ous Hawaiian watershed using DHSVM. A total of 25
climate change scenarios were generated on the basis of
the IPCC Special Report on Emission Scenarios and
AR4 projections under current, B1, A1B1 and A1F1
emission scenarios. Under A1F1 emission scenario, the
concentration of CO2 in the atmosphere is expected to
increase to a maximum of 970 ppm and the temperature
by 6.4 �C. Precipitation changed by �20% relative to
the long-term mean monthly precipitation. Vegetation
leaf conductance and LAI were modified to reflect the
increase in CO2 concentration. Simulations were
performed for 43 years (1967–2009), and relative
departures of streamflow and ET to the reference
scenario were calculated on monthly, seasonal and
annual scales.
Results of this study indicate that streamflow and ET

are less sensitive to changes in temperature. However,
when these changes are combined with changes in
precipitation, they show a significant effect on all
hydrological components of the watershed. The climate
sensitivity of streamflow and ET to decreasing precipi-
tation was higher than those during increasing precipita-
tion scenarios. Changes in leaf conductance and LAI with
increased CO2 concentration had a significant effect on
ET and subsequently on streamflow. The precipitation
elasticity of ET and streamflow are lower and higher
compared with other climate change sensitivity reported
in other studies, respectively. Changes in precipitation
would impact water quality more than changes in
temperature would do. The finding of this study stresses
the need for a more extensive assessment of the potential
climate change impact on the hydrology of other
Hawaiian watersheds.
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