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Increased temperatures are occurring in the Salmon River Basin (SRB) of Idaho and are anticipated to contin-
ue increasing in the future, leading to complex changes in climate and water resources. To address these con-
cerns, the objective of this study was to evaluate streamflow changes/sensitivity when temperatures
increase. A hydrological model, the Variable Infiltration Capacity (VIC) model, was applied to simulate
streamflow under thirty temperature increase scenarios (i.e., rising 0.1 °C per step to 3 °C). It was found
that the annual mean streamflow decreased whenever temperatures increased in the SRB. Streamflow in-
creases in winter and decreases in spring and summer but is barely affected by temperature in autumn. On
a monthly basis, streamflow responses varied in response to rising temperatures. When temperature in-
creased, the streamflow increase occurred from November to February, and it decreased from May to July.
The analysis also discovered linear relationships between rising temperatures and streamflow changes
throughout the year, with the exception of June and July, which revealed logarithmic correlations. Results
obtained by daily streamflow analysis showed that center time occurred 10–30 d earlier when temperatures
increased 2 °C and 15–45 d earlier when temperatures increased 3 °C. Finally, the Richards–Barker Index (R–
B Index), a flashiness index, also increased with rising temperatures, and a higher R–B Index causes bank ero-
sion problems. Changes in the streamflow due to the temperature increases have a significant implication
both for the water management and ecological processes.

Published by Elsevier B.V.
1. Introduction

Climate changes have occurred in the Salmon River Basin (SRB) of
Idaho and are anticipated to continue in the future, leading to complex
changes in the climate and water resources of the region
(Intergovernmental Panel on Climate Change (IPCC), 2008). Tempera-
ture increases directly affect the hydrology in the SRB (Easterling et al.,
2000; Portmann et al., 2009). The water resources in the SRB are more
sensitive to temperature increases compared to other regions in the
United States due to its unique topographic and climatic features
(Kunkel and Pierce, 2010). Developing an improved understanding of
the impacts of temperature increases on the SRB's water resources is
imperative, because theymay affect ecological, economical, and political
conditions in the SRB. However, there is a general lack of understanding
of the ways in which rising temperatures influence streamflow at the
spatial and temporal scales in the SRB.
d Analysis Division of Environ-
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It is widely accepted that changes in climate have resulted in global
warming. The most recent Intergovernmental Panel on Climate Change
(Intergovernmental Panel on Climate Change (IPCC), 2009) forecasted
that global temperatureswill rise between1.8 and 4.0 °C by 2090 globally.
Climate models consistently predict progressive temperature increases
(2.2–2.8 °C) in the western United States over the next decade (Muttiah
and Wurbs, 2002; Mote et al., 2003; Christensen and Lettenmaier,
2007). For example, the temperature will be up to 3 °C over the next 50
to 100 yr over the Colorado River Basin (McCabe and Wolock, 2002).
The most significant effects of rising temperatures may be the alteration
of hydrological cycles and streamflow regimes (Bronstert et al., 2002,
2009). Miller et al. (2011) projected decreased runoff in 2 (Gunnison
and San Juan River basins) of 3 (Gunnison, San Juan, and Green River
basins) headwater basins of the Colorado River through the year 2099.
Annual runoff across the Washington State is projected to increase by
2–3% by 2040s driven by projected temperature increase in Mantua et
al. (2010).

Many studies have investigated the impact of temperature in-
creases on water resources for other specific regions (Nijssen et al.,
2001; Luce and Holden, 2009; Ma et al., 2010). Some studies discov-
ered that the streamflow increased along with the temperature in-
creases. For example, Nijssen et al. (2001) studied the effect of
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temperature increase on the global large rivers; results indicated that
the water resource response to the temperature increases was different
for the coldest snowdominated basins than for these rainfall dominated
basins. However, annual flow volumes are increased due to the temper-
ature increases for the nine large rivers. Arnell (2003) also concluded
that the streamflow increases due to the temperature increases in
Europe. In contrast, some studies in different regions have found that
annual streamflow has been reduced because of temperature increases.
For instance, a study by Chiew et al. (2009) predicted a decrease in
future runoff for Australia because of a 0.9 °C rise in global tempera-
tures. However, some studies showed mixed annual streamflow in re-
sponse to the temperature increases or temperature increases (Chen
et al., 2006; Walvoord and Striegl, 2007; Beyene et al., 2010). Beyene
et al. (2010) assessed the hydrological response to the temperature
increases in the Nile River, and results indicated that streamflow will
increase from 2010 to 2039, and decline from 2040 to 2099.

The impact of temperature increases on streamflow is given atten-
tion because of its close relation to the timing of the water resource
cycle (Bronstert et al., 2002). Changes in temperature influence the
magnitude and temporal pattern of streamflow, which may affect
the management of water resources (Lettenmaier et al., 1994). Due
to increased temperatures, streamflow now occurs 1 to 4 weeks ear-
lier than it did in the middle of the 20th century (Stewart et al.,
2005; Jefferson et al., 2008). Because the exact timing of streamflow
and snowmelt in the aforementioned studies is difficult to determine,
this study calculates center time (CT), defined as the date when half of
the yearly flow has passed (Stewart, et al., 2005), to better evaluate
shifts in the hydrography of the SRB.

Although much has been written outlining the effects of future
temperature increases on streamflow, little previous work has been
done to investigate the sensitivity of streamflow to temperature in-
creases, and to quantify hydrologic sensitivity. Furthermore, the ma-
jority of research has focused on annual or seasonal streamflow, and
to a lesser degree, on monthly and daily streamflow. This study is a
comprehensive analysis of increased temperatures' impacts on
streamflow at annual, seasonal, monthly, and daily scales and is im-
portant both from science and water management perspectives. The
daily changes in streamflow patterns strongly affect the timing of
snowmelt. The increases in temperature have immediate as well as
long-term effects on river systems. At daily time scales, changes in
weather can lead to changes in the incidence of floods. The stream-
flow analysis in a daily scale is able to capture the timing of the snow-
melt, which will have potentially far reaching implications both for
water management and ecological processes in the SRB.

The impacts of the temperature increases to the streamflow were
certainly underestimated because reservoir storage in the rivers was
not considered in these studies as mentioned above. However, the
SRB poses the unique nature of an unimpaired river basin (lacking
of anthropogenic characteristics). Anthropogenic modifications like
large dams, reservoirs, and changes in land uses can hinder the un-
derstanding of temperature increases' impact on water resources,
but the SRB has not been subjected to any major construction and is
widely recognized as an unimpaired watershed.

Over the past several decades, streamflow has tended to increase
with increasing precipitation and decrease with decreasing precipita-
tion (Dai and Trenberth, 2002). However, temperature is the variable
that is most often perturbed in hydrologic simulations of climate
change (Christensen and Lettenmaier, 2007) and has very complicated
impacts on streamflow. An overall increase in temperature has lowered
the snow line and ultimately influenced the timing and magnitude of
flow in the main stem of the Salmon River and its tributaries, which is
of interest from both a water resource management and an ecologic
sustainability perspective. However, the ways in which rising tempera-
tures affect the streamflow in the SRB at the temporal and magnitude
scales are still unclear. This paper seeks to address the aforementioned
issues by posing the following questions:
(1) How can we create long-term, high-resolution streamflow
models for the SRB? Modeling streamflow is important be-
cause existing observations are too sparse and cover too short
of a time span, limiting meaningful associations between
streamflow and temperature increases in the SRB;

(2) What are the impacts of temperature increases on annual
streamflow in the SRB? A detailed investigation of shifts in an-
nual streamflow patterns due to temperature increases will
provide a sound base for ecological studies concerning stream-
flow, such as the lifecycle of salmon and trout and the overall
health of the aquatic environment;

(3) How will rising temperatures affect seasonal streamflow in the
SRB? This question is important for farmers in knowing when
to retain excess water for irrigation as temperatures change;

(4) Streamflow in which month is likely to be the most sensitive to
rising temperatures in the SRB? This information will become
increasingly important for the design of monthly water supply
and agricultural plans for both farmers and water managers;

(5) How many days will the CT of streamflow shift when temper-
atures increase in the SRB? Being able to pinpoint the timing of
this shift is a critical aspect of flood control design given the ef-
fects of earlier snowmelt from temperature increases.

The rest of this paper is organized as follows: Section 2 describes
the study area, Section 3 outlines the description of the hydrologic
model used in the study, Section 4 presents research setups and re-
sults including the evaluation of the impacts of rising temperatures
on annual, seasonal, monthly, and daily streamflow, and Section 5
presents final conclusions and further discussion.

2. Study area

The study area was the SRB (Fig. 1), located in north-central Idaho.
The Salmon River is an unimpaired river system with forest headwa-
ters that originate at a high elevation in a mountainous environment.
It flows 684 km downstream from the snowy climate, losing 2134 m
in elevation as it winds through a vast wilderness before reaching a
rain-dominated region near its confluence with the Snake River.

The Salmon River is the largest tributary of the Snake River, con-
tributing approximately 20% of the total Snake River water but con-
taining only 12% of the Snake River drainage area. The Salmon
River's most valuable contribution, however, is that it produces 45%
of all the salmon and contains more than 70% of the remaining salm-
on habitat in the entire Columbia River Basin. It also grows through
the contributions of several large tributaries including the East Fork,
Pahsimeroi, Lemhi, Middle Fork, South Fork, and Little Salmon Rivers.
The Salmon River's flow is extremely seasonal because snowmelt
comprises the majority of its runoff (Crozier et al., 2008). Precipita-
tion varies by season from low (June through August) to high (Octo-
ber through April). Average annual air temperatures range from a
high of 12 °C in the lower basin to −6 °C in the upper basin.

The Salmon River provides critical water supplies for agriculture
and ecosystems throughout Idaho. Cities, villages, and towns rely
upon the river for drinkingwater. As such, a recent analysis of the region
was conducted by the Intergovernmental Panel on Climate Change
(IPCC) (2009) determined that it is susceptible to current projected
climate warming trends. Increasing temperatures in mountainous envi-
ronments have driven and will continue driving the snow line upward,
ultimately influencing the timing and magnitude of the streamflow.

3. Model setup

3.1. Variable Infiltration Capacity (VIC) model

Formost rivers, observation data—especially long-term, spatially dis-
tributed records—cannot be obtained; therefore, hydrological models



Fig. 1. Salmon River Basin and gage stations.
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that simulate water cycle processes throughout basins are considered
useful research tools. In this study, the Variable Infiltration Capacity
(VIC) model was used to simulate streamflow for a daily time step and
at 1/16° spatial resolution alongwith anoffline routingmodel for the pe-
riod of 1976 to 2005 (Lohmann et al., 1998). A model calibration was
performed by comparing the modeled streamflow and observed
streamflow in the study.

The VIC model is a macroscale, grid-based water and energy bal-
ance model, which has been successfully applied to many large river
basins with practical results (Abdulla et al., 1996; Maurer et al.,
2001; Lakshmi et al., 2004; Tang and Piechota, 2009). Distinguishing
features of the VIC model include the subgrid variability in soil mois-
ture, land surface vegetation, precipitation, and topography in use of
the elevation band. In this study, the VIC model consisted of three
soil layers: 10 cm deep for Layer 1, 30 cm deep for Layer 2, and
100 cm deep for Layer 3. Surface runoff was generated in the upper
two layers by a variable infiltration curve, and baseflowwas produced
from the bottom layer (Todini, 1996).

The VIC model input data sets include meteorological, soil, and veg-
etation data. The meteorological data include temperature, precipita-
tion, and wind. The 1/16° spatial resolution meteorological data sets
were developed from the 1/8° resolution data by Maurer et al. (2002)
(http://www.engr.scu.edu/~emaurer/gridded_obs/index_gridded_obs.
html). The Symap algorithm (Shepard, 1984) was used to interpolate
the 1/8 resolution data to the 1/16° data sets in the current study. The
1/8° datasets were developed from observation data followingmethods
described in Maurer et al. (2002). The observation temperature and
precipitation were obtained from the National Climatic Data Center's
Cooperative Observer station data (Maurer et al., 2002). Daily surface
wind speeds were obtained from the National Centers for Environmen-
tal Prediction/National Centers for Atmospheric Research (NCEP/NCAR)
reanalysis project (Kalnay et al., 1996).

The 1/16° soil characteristics used in the current research were in-
terpolated from the 1/8° data sets in the Land Data Assimilation Sys-
tem (LDAS) (Maurer et al., 2002) project. The 1/8° resolution soil
datasets are aggregated from the 1-km resolution dataset produced
by White and Miller (1998) maintained by the Earth System Science
Center. Soil characteristics data sets include field capacity, wilting
point, saturated hydraulic conductivity, soil types, and so on.

The VIC model allows for different types of vegetation and land
cover (Liang et al., 1994). The land cover characterization was obtained
from the Land Data Assimilation Scheme based on the University of
Maryland's global vegetation classifications (Hansen and Reed, 2000).
The 1/16° land cover data sets were developed based on the 1/8° reso-
lution land cover data (Maurer et al., 2002) by identifying the land
cover types present in each 1/16° grid cell and the proportion of the
grid cell occupied by each in the current studies. Vegetation parameters
such as architectural resistance, minimum stomatal resistance albedo,
roughness length, zero-plane displacement, rooting depth, and fraction
were specified for each individual vegetation class.

Once the cells' characteristics were defined in the model and me-
teorological forcing was applied, each cell produced water as both
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runoff and base flow. These contributions were summed up down-
stream using a routing model (Route 1.0) that generated streamflow
and transported grid cell surface runoff and baseflow produced by the
VIC model to the outlet of that grid cell, and then into the river system
(Wood et al., 1997). A more thorough description of the VIC model is
given in Liang et al. (1994) and Lohmann et al. (1998).

3.2. Model calibration

The model calibration was performed by comparing observed
streamflow to simulated streamflow. Streamflow stations were iden-
tified by National Water Information System web data retrieval from
the United States Geological Survey. The monthly streamflows over a
30-yr period (1976–2005) at four stations in the SRB—the Stanley,
Salmon, Little Salmon, and White Bird stations—were used for
calibration (Fig. 1).

The VIC curve and baseflow curve are the two governing curves of
the VIC model. The infiltration parameter (binf) and the maximum in-
filtration capacity define the shape of the VIC curve. Four parameters
define the shape of the base flow curve: (1) the maximum baseflow
that can occur from the third soil layer in mm/d (Dsmax); (2) the frac-
tion of Dsmax wherein nonlinear (i.e., rapidly increasing) baseflow be-
gins; (3) the fraction of the lowest soil layer's maximum soil moisture
wherein nonlinear baseflow occurs; and (4) the depth of the second
soil layer (d2) (Liang et al., 1994; Wood et al., 1997). Previous studies
indicated that binf and d2 were the key parameters for model calibra-
tion (Wood et al., 1997, Demaria et al., 2007; Tang and Piechota,
2009).

A 15-yr period (1976–1990) and a separate 15-yr period
(1990–2005) of the 30-yr record were utilized for the calibration
and validation process. Both 15-yr periods encompassed a range of
wet, dry, and normal years for testing the VIC model's performance.
Two standard statistical techniques, the Nash–Sutcliffe coefficient
(E; Nash and Sutcliffe, 1970) and the widely used coefficient of deter-
mination (R) value, were used to test and evaluate the accuracy of the
model simulations. The finalized values of the calibration parameters
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Fig. 2. VIC model calibration
were: infiltration parameter (binf)=0.1; the maximum baseflow
(Dsmax)=10 mm/d; the fraction of the lowest soil layer's maximum
soil moisture wherein nonlinear baseflow occurs (Ds)=0.05, fraction
of maximum soil moisture (Ws)=0.9 mm/d and the depth of the sec-
ond soil layer (d2)=30 cm.

3.3. Calibration results

Fig. 2 shows the calibration results for three stations: the Salmon,
Little Salmon, and White Bird stations. The variability of streamflow
and CT were captured well. The R values (Fig. 2, right side) were fairly
high with 0.85 at Salmon, 0.90 atWhite Bird, and 0.91 at Little Salmon
for the entire study period. The E values were 0.75 at Salmon, 0.81 at
White Bird, and 0.82 at Little Salmon. However, major discrepancies
occurred between the modeled and observed streamflow during the
peak months of May, June, and July. The VIC model underestimated
the peak flow. Because few precipitation observation stations exist
in the mountainous regions of the SRB, the forced precipitation data
may not have accurately represented snow accumulation at high ele-
vations. Most of the precipitation observation stations are located in
valleys and towns rather than in the mountains, where more precip-
itation falls with snow.

The emphasis of this study was on examining the hydrological
variances of different temperature change scenarios rather than on
streamflow predictions, which avoided the effects of model bias. To
this extent, we can assume that the simulated streamflow was ade-
quately judged. Nonetheless, the high R and E values calculated dur-
ing calibration suggest that the calibrated model can be applied to
the further study of streamflow variation.

4. Analysis and results

This section examines the streamflow changes in the SRB at annu-
al, seasonal, monthly, and daily scales under 30 different temperature
increase scenarios.
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Fig. 4. Annually mean streamflow changes in percentage under seven temperature
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4.1. Annual scale

4.1.1. Analysis
The objective of this section is to share the analysis of changes in an-

nual streamflow patterns due to temperature increases in the SRB. In
this study, it has been hypothesized that an increase in temperature re-
sults in a decrease of annual streamflow based on previous studies in
the western United States (Christensen et al., 2004). In an attempt to
prove this hypothesis, we compared the VIC-modeled streamflow for
30 scenarios developed independently by increasing 0.1 °C per step up
to 3 °C. To quantify the streamflow's response to increased tempera-
tures, mean annual streamflow changes were documented as magni-
tudes in addition to differences in percentages between the base
condition (i.e., historical data over the 30-yr period, 1976–2005) and
the temperature increases at eleven stations (Fig. 1). A moving, 5-yr
window of average annual streamflows was also applied across the
30-yr sample to account for short-term fluctuations and highlight
long-term variables.

4.1.2. Results
Figs. 3 and 4 illustrate the impact of temperature increases on the

30-yr annual mean streamflow at three gage stations in terms of
absolute magnitude and relative percentage, respectively. Eight
more stations were evaluated, although the results are not
discussed in this study. The average annual streamflow decline
generally range from 1% to 4%, with the largest decrease in White
Bird station, when the temperature increased 1 °C. The average
annual streamflow is expected to decrease in range from 2% to 6%,
Fig. 3. Annually mean streamflow changes in magnitude scale under seven tempera-
ture change scenarios in three stations: a) White Bird, b) outlet of Pahsimeroi River,
and c) outlet of Middle Fork. The seven scenarios are: T0=historical temperature,
Δt=0.5 °C, 1 °C, 1.5 °C, 2 °C, 2.5 °C, and 3 °C. X means the base temperature (T0), and
the temperature increases based on the base temperature. Y means the average annual
streamflow changes in magnitude based on the base condition.

change scenarios in three stations: a) White Bird, b) outlet of Pahsimeroi River, and
c) outlet of Middle Fork. The seven scenarios are: T0=historical temperature,
Δt=0.5 °C, 1 °C, 1.5 °C, 2 °C, 2.5 °C, and 3 °C. X means the base temperature (T0), and
the temperature increases based on the base temperature. Y means the average annual
streamflow changes in percentage based on the base condition.
with the least decrease in Pahsimeroi River Station, when the
temperature rose 2 °C. The average annual streamflow experienced
a decrease from 3% to 8% when temperature increases 3 °C. The
highest annual streamflow decrease is in the White Bird station. It
should be noted that the temperature increases are associated with
increased evaporation, which imply decrease runoff.

Overall, increases in temperature led to decreases in average an-
nual streamflow at the three stations (Figs. 3 and 4). Decreases in
the average annual streamflow were also recorded at the other
eight observation stations. These decreases are relatively modest
with a range of 1% to 8% change.

The relationship between temperature increases (x) and the mean
annual streamflow (y) are displayed as equations in Fig. 3, allowing
estimation of the mean annual streamflow under different scenarios
of temperature increase. For instance, the mean annual streamflow
would decrease 3.58 m3/s, 0.045 m3/s, and 0.391 m3/s when temper-
atures increased 1 °C at the White Bird, Pahsimeroi River, and Middle
Fork stations, respectively. These results suggest that mean annual
streamflow would continue to decrease as temperatures continued
to increase. A similar result was found for the Colorado River Basin
in which an increase in temperature was proportional to decreases
in both snowpack and total runoff (Christensen et al., 2004).

The impact of temperature on streamflow was also relative to the
spatial distribution of the stations. For example, average annual
streamflow increases in percentages were roughly equal for the
Pahsimeroi River (2.8%) and Middle Fork (3.2%) stations (Fig. 4),
with the Pahsimeroi River station exhibiting the weaker signal in
terms of streamflow magnitude (1.0 m3/s/2.4 m3/s) when tempera-
ture increased 3 °C. The Middle Fork station is located in a warmer
basin, whereas the Pahsimeroi River station is in a snow-dominated
basin situated in the upper SRB with the coldest average temperature,
running as low as−8 °C, among the five sub-basins (i.e., the Pahsimeroi

image of Fig.�3
image of Fig.�4
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River, Lemhi, Middle Fork, South Fork, and Little Salmon basins). Even
the highest temperature increases (3 °C) remained quite cold and well
below the snow melting threshold of 0 °C at the Pahsimeroi River sta-
tion. Smaller reductions in streamflowwere also found for most stations
located along the upper Salmon River, which were less susceptible to the
temperature increases. The impacts of increased temperatures on
streamflow at White Bird were significant in terms of magnitude and
percentage scales. For example, the most reduction in streamflow oc-
curred atWhite Bird when temperatures increased 3 °C, and the least re-
duction was seen at the Pahsimeroi River station when the temperature
increased 1 °C.

The temperature increases also affected the moving 5-yr average
streamflow. Fig. 5 shows the 5-yr mean streamflow changes when
temperature increases at White Bird, Pahsimeroi River, and Middle
Fork for three climate scenarios: the base condition, a temperature
increase of 2 °C, and a temperature increase of 3 °C. Although there
were a few differences in magnitude, the general patterns of the 5-
yr moving average of streamflow were the same at all three stations.

There are four time periods over the 30 yr studied that warrant
special attention (Fig. 5). The first is the low flow period from 1983
to 1991 in which the flow dipped as low as 67 m3/s; 1987 and 1988
were especially low. According to Sheffield et al. (2009), one of the
most severe droughts in United States history occurred from 1987
to 1990. Another low flow period took place from 2001 to 2004 dur-
ing a nationwide drought (Piechota, et al., 2004). Conversely, a high
streamflow period occurred between 1979 and 1982, especially
from 1980 to 1982, with flows as high as 131 m3/s. That may have
been a direct result of flooding conditions caused by the 1982 El
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Fig. 5. Yearly streamflow and 5-yr moving average streamflowwith temperature increase in
Niño. The years from 1993 to 1997 comprise another high flow period
during the Great Flood of 1993. Significant rainfall combined with al-
ready saturated soil conditions was the cause of the severe flooding in
the SRB and over the Midwest.

The black line in Fig. 5 represents the average streamflow at the
base condition, and the dashed black line denotes a temperature in-
crease of 3 °C. Note that the differences at the three stations all de-
creased in the same direction. Plots indicated an 8.0 m3/s difference
in average streamflow atWhite Bird, a 0.3 m3/s streamflow difference
in average streamflow at Pahsimeroi River, and a 2.5 m3/s difference
at Middle Fork.
4.2. Seasonal scale

4.2.1. Analysis
Seasonal changes in streamflow patterns strongly affect the timing

of snowmelt and runoff, which suggests that studies of hydrological
sensitivity to temperature increase should take seasonal hydrologic
changes into account. As expected, the amplitude of streamflow had
a strong seasonal signal in the SRB. At the seasonal scale, the hypoth-
esis was that increases in temperature would cause a cyclical varia-
tion of streamflow in the Salmon River from increases in winter to
decreases in summer. The four seasons were defined as winter
(December–February), spring (March–May), summer (June–August),
and autumn (September–November). To analyze seasonal stream-
flow trends, six stations along the main stem were selected along
with five tributary stations. Regression equations for seasonal
1991 1996 2001 2006

1991 1996 2001 2006

1991 1996 2001 2006

reamflow
reamflow

three stations: a) White Bird, b) outlet of Pahsimeroi River, and c) outlet of Middle Fork.
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streamflow changes and temperature increases are also evaluated in
this section.

4.2.2. Results
The effects of seasonal temperature increases on streamflow coin-

cided with decreases on the annual scale (Section 4.1); the impacts
on the seasonal scale, however, were more varied.

Streamflow decreased in the spring and summer and increased dur-
ing autumn and winter (Fig. 6). The increased temperature has two po-
tential impacts on water resource. First, the increased temperatures are
associated with increased evaporation, and decreased runoff. Second,
the increased temperature lead to extreme precipitation, which is asso-
ciatedwith increased runoff. Spring streamflow decreased at an average
of 15 to 20% when temperatures increased 3 °C. The decreases in spring
runoff translate to a significant drop in mean annual streamflow. Sum-
mer streamflow decreased an average of 10 to 40% when temperatures
increased 3 °C. This would significantly impact the summer water re-
sources system such as the urban water supply in the SRB and in-
stream flow for fish and irrigation. Furthermore, the significant stream-
flow decrease in summer would increase summer drought risks. This
provides significant information for farmers on the need to store extra
water for summer droughts.

The biggest change occurred at the White Bird station, which expe-
rienced a 42% decrease in streamflow. Autumn saw a slight increase in
streamflow (3–4%) at the three stations, and winter streamflow rose
an average of 50% to 60% when temperatures increased 3 °C. The signif-
icant streamflow increase in winter would intensify winter flood risks,
which is significant information needed for the design and operation
of flood control infrastructure. However, the total annual runoff de-
creased (Fig. 3), indicating that wetter winters were not sufficient for
offsetting dryer springs and summers. Unsurprisingly, the results that
are not pictured from the other gage stations reflected the same trends
as these three stations.
t=T0 Δt=1.0°C Δt=2.0°C Δt=3.0°C

a

b

c

Fig. 6. Seasonal mean streamflow changes under four temperature scenarios in three
stations: a) White Bird, b) outlet of Pahsimeroi River, and c) outlet of Middle Fork.
These results demonstrate that as temperatures increase in the
SRB, more precipitation will fall as rain rather than snow in winter,
increasing the winter streamflow and decreasing the summer
streamflow. These changes will affect irrigation, water supply, flood
control, and other water resource objectives.

At the base condition, streamflow was typically highest in spring,
closely followed by summer. When temperatures increased, however,
winter streamflow was greater than summer streamflow, indicating
that changes in temperature alter the seasonal distribution of stream-
flow due to an earlier snowmelt. The earlier snowmelt resulted in in-
creased streamflow in winter, decreased spring and summer
streamflow, and possibly even prolonged summer droughts.

Fig. 7 further illustrates the relationship between increased tem-
peratures and streamflow changes at the White Bird station for the first
6 mo (Fig. 7a, January–June), the last 6 mo (Fig. 7b, July–December),
and the four seasons (Fig. 7c). There was a linear relationship between
monthly streamflow and rising temperatures for every month except
June and July, which exhibited logarithmic correlations. Positive linear
relationships occurred for January, February, November, and December,
and negative linear relationships were observed for April, May, August,
September, and October.

The most similar phenomena were observed in August and
September. For instance, when temperatures increased 1 °C, monthly
streamflow increased 0.05 m3/s and 0.04 m3/s in August and
September, respectively. When temperature increased, The maxi-
mum increased streamflow occurred in January, in which a 1 °C in-
crease in temperature resulted in a 0.35 m3/s increase in monthly
streamflow. Conversely, the minimum increased streamflow was ob-
served in September, when a 1 °C shift in temperature only resulted
in a 0.04 m3/s increase in monthly streamflow.

Streamflow changes in spring, autumn, and winter all exhibited
linear relationships with the temperature increases, and the linear re-
gression parameters range from 0.01 (autumn) to 0.03 (winter).
Summer, with its logarithmic relationship, was the sole exception.
Fig. 7c also confirms that autumnal flow was the least susceptible to
rising temperatures, because the streamflow only increased
0.01 m3/s when the temperature increased 1 °C. These results could
be extrapolated to estimate monthly and seasonal streamflow given
various scenarios of temporal change.

The key aspects of these changes in seasonal streamflow are con-
siderations for water resource managers in managing winter flood
and summer drought risk increases when temperatures increase.

4.3. Monthly scale

4.3.1. Analysis
Monthly streamflow changes are even more relevant in the SRB

from a water management perspective. This study hypothesized
that streamflow would increase from November to March, decrease
from May to August, and vary in other months due to rising temper-
atures in the SRB. To test this hypothesis, monthly changes in stream-
flow from the six main-stem stations were calculated as percentages.
To further explore the hypothesis, a similar analysis was performed
for the five tributaries.

4.3.2. Results
As expected, the impact of rising temperatures was more signifi-

cant at the monthly scale than at the seasonal and annual scales.
Fig. 8 illustrates the average monthly streamflow variations through-
out the 30 climate warming scenarios for the three gage stations
along the main stem: Stanley, North Fork, and White Bird.

As shown in the plots for the Stanley station, the general patterns
of monthly streamflow changes were fairly consistent among the 30
temperature increase scenarios. For instance, average monthly
streamflow rose from late October to early April, with the greatest
change occurring in February when the increase was over 150%.

image of Fig.�6


Fig. 7. Relationship between streamflow changes in percentage with temperature increase in White Bird for: a) from January to June, b) from July to December, and c) Four seasons.
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Average monthly flow decreases were observed from late April to
early October, with the largest drops recorded in May and June,
which may result in a summer drought. Streamflows for July, August,
and September did not appear to be as sensitive to rising tempera-
tures. The month with the largest percentage increase in streamflow
for the North Fork station was January, with more than a 60% in-
crease. The largest increase was seen in February for the White Bird
station, with a maximum change of over 100%. Streamflows de-
creased from March to October at North Fork, with the sharpest
drop of nearly 30% occurring in May. The reduction started later at
White Bird, and April to October saw the largest decrease, represent-
ing a greater than 50% change. These results illustrate the significant
effect that increasing temperatures will have on the monthly water
resources in the SRB.

Fig. 9 illustrates the monthly streamflow changes at the tributary
observation stations. The pronounced monthly cycles recorded at
the main-stem stations were reflected at the tributaries as well.
According to the plot, in four stations, monthly streamflow appeared
to peak in May, and minimum streamflow occurred in August. At the
South Fork and Little Salmon stations, the largest decrease in stream-
flow occurred in June. For the North Fork station, it was May, and it
was April for the Pahsimeroi River station. The month with the largest
increase at all four stations was February.
Streamflow showed the strongest increases, up to 48%, from No-
vember to March at the North Fork and Little Salmon stations. From
November to February at the Pahsimeroi River station, it increased
up to 36%. From November to April at the South Fork station, it in-
creased up to 90%. The increased streamflow during the cold, winter
months may have been due to increased winter precipitation as rain-
fall rather than snow due to increased temperatures. Streamflows at
all four stations were not as sensitive to rising temperatures from Au-
gust through October. The most significant streamflow changes only
occurred during of the first half of the year, from January to June.

Notably, the magnitude of the increasing streamflow during the
months in which it increased at three separate stations was not strong
enough to compensate for the decreasing streamflow during the
months inwhich it lessened. Thus, the decrease inmean annual stream-
flow in relation to rising temperatures was unsurprising (Figs. 3 and 4).

4.4. Daily scale

4.4.1. Analysis
Snowmelts taking place earlier in the year, as caused by tempera-

ture increases, are a challenge to snow-dominated basins like the SRB.
Although the exact day when the snowmelt pulse starts cannot be ac-
curately determined, the CT was defined as the date when 50% of the
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Fig. 8. Monthly streamflow changes (%) under 30 temperature scenarios in three stations, 8.1) Stanley; 8.2) North Fork, and 8.3) White Bird. 30 temperature change scenarios are:
temperature increases 0.1 °C per step, a) Δt=0–1.0 °C, b) Δt=1.1–2.0 °C, c) Δt=2.1–3.0 °C.
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water-year flow had passed (Stewart et al., 2005). This definition pro-
vided a time-integrated perspective on the snowmelt and the overall
streamflow distribution for each year (Stewart et al., 2005). This
Fig. 9. Monthly average streamflow changes under four temperature scenarios in four tr
study hypothesized that the CT would occur earlier in the spring
than in years past with the increase in temperatures (Stewart et al.,
2005; Hidalgo et al., 2009).
ibutaries outlets: a) Pahsimeroi, b) North Fork, c) South Fork, and d) Little Salmon.
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First, the CTs were calculated for the 30 temperature increases
scenarios at 11 gage stations during the study period (Fig. 1). Second,
daily streamflow variations were evaluated for the 30 temperature
increase scenarios using the Richards–Barker Index (R–B Index;
Baker et al., 2004), which is an important component of the hydrolog-
ic regime. The R–B Index reflects the frequency and rapidity of
changes in daily streamflow, which is the sum of the absolute value
of day-to-day changes in daily streamflow volume (i.e., the path
length), divided by the total annual flow (Eq. (1)). This calculation
method measures the path length of flow oscillation. Longer paths re-
late to flashier streamflow, and shorter paths indicate more constant
flows. Results from the R–B Index show the complete range of hydro-
logical responses over an annual time step under increased
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Fig. 10. CT curves under three climate scenarios of a) from 1977 to
temperatures. This is Eq. (1), where Qt is the daily streamflow for
Day t, and n is the number of days in a year:

R−B Index ¼ ∑n
t¼1 Qt−1−Qtj j
∑n

t Qt
ð1Þ

Values for the R–B Index could theoretically range from zero to 2.
The R–B Index is equal to zero if the stream flowwere absolutely con-
stant. Its value increases as the path length and flashiness increase.
Temperature increases may lead to increased or decreased flashiness.
Our hypothesis stated that increased temperatures in the SRB would
increase the R–B Index as well.
Δt=2OC Δt=3OC

1992 1995 1998 2001 2004

2005, b) in year 2000, and c) CT date curve from 1977 to 2005.
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4.4.2. Results
To illustrate how the CT changed during the 30-yr study period,

Fig. 10a shows the CT curves under three scenarios: the base condition,
a 2 °C increase in temperature, and a 3 °C increase in temperature.
Fig. 10b illustrates the CT curve for the year 2000 at theWhite Bird station.
Additionally, Table 1 and Fig. 10c show the exact CT dates for the study
period.

As expected, widespread trends toward earlier CTs were observed.
Themost prevalent trends in CT dates included a 10 to 30 d shiftwhere-
in temperatures increased 2 °C and a 15 to 45 d shift wherein tempera-
tures increased 3 °C. Earlier snowmelts representing a CT shift of more
than 30 d were observed in 1981, 1982, 1983, 1995, 1997, 1999, and
2004. Temperatures increased 2 °C in each of those years. The earlier
snowmelts resulted in a decrease in summer streamflow in addition
to a prolonged drought period (Stewart et al., 2005). The drought
from 1981 to 1983 was regarded as the worst drought of the 20th cen-
tury in terms of overall impact, which is not surprising given the earlier
CT dates. The drought period that began in 1991 reached its maximum
intensity and coverage from 1994 to 1995.

Consequently, during the 2 yr in which temperatures increased by
3 °C, CTs shifted more than 45 d. Conversely, the smallest CT shifts, 12
and 22 d, occurred in 1993 when temperatures increased by 2 °C and
3 °C, respectively. The smaller shift in CTs may have been a contribut-
ing factor to the great flood of 1993. An important piece of accompa-
nying evidence is the 30 yr of historical data for the White Bird that
show that the CT typically began in late April or early May. Compared
with the annual streamflow decreases (relatively modest with a
range of 1% to 8% change (Section 4.1.2)), the CT changes are signifi-
cant. That indicates that changes in climate primarily affected the
timing rather than the amount of average annual streamflow.

Fig. 11 shows the R–B Indices at three stations—the Pahsimeroi
River, Middle Fork, and White Bird—under different temperatures.
The R–B flashiness index reflects the frequency and rapidity of
short-term changes in streamflow, especially for the daily time step.
Fluctuations in the R–B Index, which are expected from year to year
Table 1
Center time in three scenarios: 1) temperature is the historical record (T0); 2) temper-
ature increases 2 °C, and 3) temperature increases 3 °C.

Year Center time

T=T0 T=T0+2.0 T=T0+3.0

1977 5/4/1977 5/1/1977 4/30/1977
1978 5/2/1978 4/2/1978 3/17/1978
1979 5/7/1979 4/20/1979 4/5/1979
1980 5/5/1980 4/19/1980 3/27/1980
1981 4/25/1981 3/25/1981 3/16/1981
1982 5/17/1982 4/17/1982 4/1/1982
1983 5/9/1983 3/29/1983 3/17/1983
1984 5/24/1984 5/4/1984 4/23/1984
1985 4/22/1985 4/12/1985 4/7/1985
1986 4/29/1986 4/2/1986 3/15/1986
1987 4/20/1987 3/23/1987 3/17/1987
1988 4/21/1988 4/10/1988 4/3/1988
1989 4/30/1989 4/20/1989 4/13/1989
1990 4/21/1990 4/6/1990 3/29/1990
1991 4/25/1991 4/5/1991 3/24/1991
1992 4/16/1992 3/21/1992 3/9/1992
1993 5/19/1993 5/7/1993 4/27/1993
1994 4/20/1994 3/27/1994 3/14/1994
1995 5/14/1995 4/10/1995 3/22/1995
1996 4/25/1996 3/30/1996 3/16/1996
1997 5/12/1997 4/1/1997 3/10/1997
1998 5/14/1998 4/27/1998 4/13/1998
1999 5/5/1999 3/30/1999 3/20/1999
2000 4/29/2000 4/10/2000 3/25/2000
2001 4/23/2001 4/5/2001 3/31/2001
2002 4/28/2002 4/14/2002 4/6/2002
2003 4/23/2003 3/23/2003 3/15/2003
2004 4/26/2004 4/4/2004 3/28/2004
2005 5/5/2005 4/15/2005 4/10/2005
under the same scenarios due to natural variations in weather, were
observed at the three stations. Increases in the R–B Index due to
higher peak flows accompanied increases in temperature (Fig. 11).
The median R–B Indices increased 0.02 when temperatures increased
2 °C for all three stations. The median R–B Indices increased 0.03
when temperatures increased 3 °C for bothWhite Birds and Pahsimeroi,
with the exception of the Middle Fork, where R–B Index increased 0.04.
Contrary to the historical records, stronger fluctuations were observed
when temperatures increased, especially at the Pahsimeroi River
station. The highest R–B Indices at all three stations were observed in
1993, which may due to the great Midwestern flood that caused over
$20.1 billion in damages at that time.

The R–B Index is a useful tool for diagnosing the scale of the chan-
nel problem. A higher R–B Index causes channel erosion problems,
resulting in changes to channel shape, width, depth, and slope, espe-
cially in a river such as the Salmon, which is steep and composed of
non-cohesive materials. Changes in the Salmon River shape, in turn,
will also have significant impacts on stream ecology.

5. Conclusions and discussions

Changes in temperatures will change water resources in the SRB
and evaluating what type of changes are likely to occur is a major
challenge faced by water resource planners. This study reaffirmed
previous results and improves on previous studies with the following
contributions: (1) the development of large-scale, long-term, and
high-resolution streamflow data in the SRB; (2) a first analysis of
streamflow changes at annual, seasonal, monthly, and daily time
scales for temperature increases in the SRB; (3) the identification of
the exact CT dates for the study period; and (4) a comprehensive
analysis of the R–B Index for temperature changes in the SRB.

The analysis of the impacts of increased temperatures on streamflow
at the annual scale gave interesting results. The streamflows consistently
decreased with rising temperatures, although station-to-station variabili-
tywas seen due to spatial distribution. For instance,mean annual stream-
flow declined an average of 2 to 6% when temperatures increased 2 °C,
and they declined 3 to 8% when temperatures increased 3 °C. Decreases
in streamflow were also observed during the 5-yr moving average. This
analysis can be used for better management and development of the
water resources in the SRB.

Seasonally, streamflow decreased in spring and summer, increased in
winter, and remained mostly stable in autumn. When temperatures in-
creased 3 °C, streamflow decreased an average of 15 to 20% in spring
and 10 to 40% in summer. Given the significant decrease in summer
streamflow in the SRB, additional water storage may be required to pro-
vide irrigation during late summer. However, given the significant in-
crease in winter streamflow, flood control infrastructure may need to be
built up for those months. It was also observed that linear relationships
existed between streamflow changes and increased temperatures for au-
tumn, winter, and spring. Summer exhibited logarithmic correlations.

Evaluating monthly results from increased temperatures was slightly
more complex than assessing seasonal streamflow. The majority of the
streamflow increases occurred from November to February, when tem-
peratures decreased, and decreased fromMay to July,when temperatures
increased. February displayed the most sensitivity to temperature
changes. These results indicated a drier summer whenever temperatures
increased. Fortunately, increased streamflow in the coldermonths helped
compensate for the drier conditions found prior to the following Mays.
These results indicated a linear relationship betweenmonthly streamflow
changes and increased temperatures for allmonthswith the exceptions of
June and July in which logarithmic relationships were observed.

The impacts of rising temperatures on the daily streamflow resulted
in two new observations. First, earlier snowmelt flows throughout the
SRB occurred during the study period. The average CT shifted 10 to
30 d earlier when temperatures increased 2 °C, and it shifted 15 to
45 d earlier when temperatures increased 3 °C. These shifts are



Fig. 11. R–B Index values and Box andWhiskers Plots of the R–B Index under three temperature scenarios in three stations: a)White Bird, b) outlet of Pahsimeroi River, and c) outlet
of Middle Fork.
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expected to becomemore pronounced as temperatures continue to rise.
The amplitude of the shifts in CT increased during the drought years.
Second, the R–B Index is well suited for determining gradual changes
in daily streamflow and flow regimes associated with temperature
changes. Increases in the R–B Index coincidedwith increases in temper-
ature; ergo, rising temperatures led to higher R–B Indices when com-
pared to the base conditions without temperature changes. These
findings suggest that special attention should be paid to potential
bank erosion problems due to increasing temperatures.

The overall results of this study indicate that temperature in-
creases have significant impacts on the streamflow in the SRB.
These varied impacts have many implications for water resources
and management. Furthermore, funding for this study also provided
significant information for scientists who work on the Salmon River.
Although this particular study focused upon improving the under-
standing of the correlations between streamflow changes and rising
temperatures in the SRB, it can nonetheless serve as the framework
for other basins, like the Snake River Basin, because the SRB shares
similar characteristics with other river basins in the northwestern
United States.
Changes in streamflow are likely affected by both temperature and
precipitation in the SRB, but it is not immediately clear from these re-
sults which of these factors hold the greater influence. This presents
several questions for future consideration:

(1) How does precipitation in the SRB change influent streamflow
in terms of both magnitude and timing?

(2) How do temperature increases and precipitation changes
dominate streamflow changes in the SRB?

(3)Whatwill the streamflow in the SRB be during the next century
(2010–2099)?

These are the questions that will drive further explorations of this
study in the future.
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