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Abstract:

It is a common practice to employ hydrologic models for assessing alterations to streamflow as a result of anthropogenically
driven changes, such as riverine, land use, and climate change. However, the ability of the models to replicate different
components of the hydrograph simultaneously is not clear. Hence, this study evaluates the ability of a standard hydrologic model
set-up: Variable Infiltration Capacity (VIC) hydrologic model for two headwater sub-basins in the Fraser River (Salmon and
Willow), British Columbia, Canada, with climate inputs derived from observations and statistically downscaled global climate
models (GCMs); to simulate six general water resource indicators (WRIs) and 32 ecologically relevant indicators of hydrologic
alterations (IHA). The results show a generally good skill of the observation-driven VIC model in replicating most of the WRIs
and IHAs. Although the WRIs, including annual volume, centre of timing, and seasonal flows, and the IHAs, including
maximum and minimum flows, were reasonably well replicated, statistically significant differences in some of the monthly flows,
number and duration of flow pulses, rise and fall rates, and reversals were noted. In the case of GCM-driven results, additional
monthly, maximum, and minimum flow indicators produced statistically significant differences. A number of issues with the
model input/output data, hydrologic model parametrization and structure as well as downscaling methods were identified, which
lead to such discrepancies. Therefore, there is a need to exercise caution in the use of model-simulated indicators. Overall, the
WRIs and IHAs can be useful tools for evaluating changes in an altered hydrologic system, provided the skill and limitations of
the model in replicating these indicators are understood. © 2013 Her Majesty the Queen in Right of Canada. Hydrological
Processes © 2013 John Wiley & Sons Ltd.
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INTRODUCTION

Hydrologic models are powerful tools for assessing
alterations to streamflow resulting from natural and
anthropogenically driven changes such as land use,
riverine, and climate change. Models are generally
employed to simulate baseline/reference conditions and
altered states, and the degree of changes to the system are
assessed using a range of hydrologic indicators. For
instance, a survey of the literature on hydrologic impacts of
climate change (e.g. Dibike and Coulibaly, 2005; Merritt
et al., 2006; Toth et al., 2006; Chang and Jung, 2010;
Shrestha et al., 2012a,2012b) revealed a focus on the
analysis of water resource indicators (WRIs), such as
monthly, seasonal, and annual flows; magnitude and timing
of peak and low flows; and centre of timing of annual flow.
orrespondence to: Rajesh R. Shrestha, Pacific Climate Impacts
sortium, University House 1, PO Box 3060 STN CSC, University
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Hydrologic indicators have also been a focus for
ecological flow needs (EFN) research and recommenda-
tions. With the advent of the natural flow paradigm for
river conservation and restoration in the 1990s (Poff
et al., 1997), it has become clear that protection of the
river ecosystem requires examination of temporal varia-
tion in key streamflow hydrograph components (Richter
et al., 1996, 1997; Lytle and Poff, 2004; Sanford et al.,
2007) beyond the typical WRIs. This is especially true for
cold-climate countries, such as Canada, where the bulk of
flow regimes is characterized by winter low flows and
high spring flows, with potentially highly variable
summer and fall flow periods (Monk et al., 2011).
Richter et al. (1996) proposed a suite of 32 ecologically
relevant indicators of hydrologic alteration (IHA), which
expands on the typical WRIs to include a range of
statistical magnitude and timing of events (e.g. annual
maximum/minimum 3-, 7-, 30-, and 90-day mean flows)
and critical fluvial components outlined in the natural
flow paradigm that characterizes intra-annual and inter-
annual variability in flow conditions (e.g. rise/fall rate and
2013 John Wiley & Sons Ltd.
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number of reversals in the hydrograph). A detailed
discussion on the IHAs and their ecological significance
is beyond the scope of this paper; excellent descriptions
are readily found in original IHA (Richter et al., 1996,
1997; Poff et al., 1997) and subsequent user studies (e.g.
Monk et al., 2011).
An international focused group (Poff et al., 2010) and a

Canadian focused group (Peters et al., 2012) recently
proposed frameworks for developing EFN guidelines to
protect river systems from instream (e.g. damming for
hydroelectric generation) and out-of-stream development
(e.g. water abstraction). The application of the EFN
framework (e.g. to assess the degree of hydrological
alteration on a flow regime and propose sustainable
ecological flow recommendations) necessitates the use of
hydrologic models to simulate anticipated impacts of
interest, whereas both natural and impacted streamflow
simulations are required in the case of ungauged basins.
Assessment of projected climate change impacts on
hydro-ecology is another area where the hydrologic-
model-simulated IHAs have been used (e.g. Gibson et al.,
2005; Kim et al., 2011). With such recognition of the
importance of IHAs for EFN and climate change impact
assessments, there will be a growing dependence on IHAs
extracted from hydrological model simulation.
However, the ability of hydrological models to

replicate the complete suite of ecologically relevant IHAs
in a single simulation effort is not entirely clear. This lack
of clarity is highlighted by recent studies that employed
simple rainfall–runoff and statistical modelling ap-
proaches (Carlisle et al., 2010; Knight et al., 2012;
Murphy et al., 2013), which showed positive or negative
biases in the modelled indicators. A key factor affecting a
hydrologic model’s ability to reproduce observed varia-
tions in the hydrologic indicators is the inherent un-
certainties, which arise from the following (Beven, 2006;
Renard et al., 2010): (i) input uncertainty, e.g. errors in
precipitation measurement, and interpolation uncertainties
due to elevation and orographic effects; (ii) output
uncertainty, e.g. errors in observed discharge data due
to hydrometric data uncertainties (Pelletier, 1990;
Hamilton, 2008; Hamilton and Moore, 2012) and stage–
discharge relationship uncertainties (Shrestha et al.,
2007); (iii) structural uncertainty, arising from simplified
and/or incomplete representation of hydrologic processes
in the model; and (iv) parameter uncertainty, arising from
the need to calibrate parameter values based on observed
streamflow. Difficulties in reproducing some of the
hydrologic indicators using the goodness-of-fit (GOF)
measures [coefficient of determination, R2, and Nash–
Sutcliffe coefficient of efficiency (NSE)] (Nash and
Sutcliffe, 1970) have been documented by previous
studies, such as simultaneous representation of low flow
and high flow with a single set of parameter values
© 2013 Her Majesty the Queen in Right of Canada. Hydrological Processes ©
(Wagener, 2003; Fenicia et al., 2007). Furthermore,
because the GOF measures such as NSE and R2 are
mainly sensitive to peak flows (Legates and McCabe,
1999; Krause et al., 2005; Pushpalatha et al., 2012),
models calibrated with such measures may not be able to
accurately represent low-flow conditions. Estimation of
the model parameters may be further complicated by the
use of only an instream hydrometric station for model
calibration, which leads to an equifinality problem
(Beven, 2006), as several different parameter combina-
tions within a chosen model structure can yield similar
model performance. Low flows are poorly reproduced by
several hydrological models (Staudinger et al., 2011)
because model structural uncertainty plays a major role in
low-flow conditions (Najafi et al., 2011), which in many
cases may not be fully represented by the model.
Climate scenarios used to project future climate

impacts on streamflow generation contribute to further
to uncertainties. Such uncertainties arise from future
greenhouse gas emissions, global climate model
(GCM)/regional climate model structure, downscaling
method, and natural variability of the climate system
(Kay et al., 2008). In particular, previous studies (Kay
et al., 2008; Prudhomme and Davies, 2008a,2008b;
Bennett et al., 2012) indicated that a GCM structure is
the largest source of uncertainty in projected hydrologic
impacts, whereas other studies (Maurer et al., 2010;
Quintana Seguí et al., 2010; Chen et al., 2011)
suggested that the downscaling methods can consider-
ably add to the uncertainty.
Given the aforementioned uncertainties and limitations,

an important question arises concerning the confidence
we can have in the model-simulated elements of the
hydrologic cycle (Blöschl and Montanari, 2010). There-
fore, there is an obvious need for a rigorous evaluation of
the replicability of the WRIs and IHAs, before using the
model-simulated indicators for impact assessments.
Although it could be argued that the model agreement
with observations (using such rigorous evaluation) does
not guarantee reliable predictions of altered states, such
agreement with the baseline condition is currently the best
way to assign model confidence, with the underlying
assumption that a model that accurately describes baseline
condition will make a better projection of the altered
condition (Reichler and Kim, 2008).
The primary objective of this study is to provide insights

on the suitability of a hydrologic model simulating WRIs
and IHAs to conduct the EFN and climate change
assessments. The suitability was assessed via comparison
of indicators extracted from the observations to the
simulated flows from a commonly used hydrologic model.
A secondary objective is to assess the replicability from a
typical climate change studies perspective, i.e. by utilizing a
hydrologicmodel driven by statistically downscaledGCMs.
2013 John Wiley & Sons Ltd. Hydrol. Process. 28, 4294–4310 (2014)
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METHODS

Hydrologic model set-up

This study employed the macro-scale VIC hydrologic
model version 4.0.7 (Liang et al., 1994, 1996, 2003),
which was previously applied to the Fraser River Basin in
British Columbia, Canada, to investigate the impacts of
mountain pine beetle infestation and climate change on
streamflow generation (Schnorbus et al., 2010; Shrestha
et al., 2012b). VIC represents soil moisture processes in
three soil layers and explicitly accounts for snow
accumulation and ablation by using a two-layer snowpack
medium individually for each land cover/elevation tile.
Simulated energy and mass fluxes, as well as the state
variables for each grid cell, are calculated as the area
averages of the tiles (Liang et al., 2003). VIC is
distinguished from other macro-scale models by explicit
consideration of the sub-grid variability of land surface
vegetation classes and topography. The spatial variability
of infiltration and runoff generation is simulated using the
variable infiltration curve (Liang et al., 1994), and
baseflow is represented using the empirically based Arno
conceptual curve (Todini, 1996). Surface runoff from the
upper two soil layers is generated when the moisture
exceeds the storage capacity of the soil. A detailed
description of the VIC model is available in Liang et al.
(1994, 1996, 2003).
The spatially distributed VIC model was considered

appropriate for the Fraser basin because of the basin’s
large area (230 000 km2) and physiographic and hydro-
climatic heterogeneity (Shrestha et al., 2012b). The
suitability of the VIC model for hydrologic and climate
change assessment of similar large basins has been
successfully demonstrated by a number of previous
studies in the Pacific Northwest region (e.g. Hidalgo
et al., 2009; Elsner et al., 2010; Wenger et al., 2010;
Schnorbus et al., ). The 1/16° model resolution used in
this study is consistent with similar basin-scale applica-
tions (e.g. Elsner et al., 2010; Wenger et al., 2010).
The VIC model for the Fraser River basin can be

described as a ‘standard’ application for a macro-scale
basin. The Fraser river basin was sub-divided into 66 sub-
basins (based on the Water Survey of Canada hydrometric
station network) for the representation of spatially
heterogeneous hydrologic responses (Schnorbus et al.,
2010; Shrestha et al., 2012b). The VIC model was driven
by gridded observation data of daily maximum and
minimum air temperature, daily total precipitation, and
daily average wind speed, derived primarily from the
Environment Canada climate station observation network.
Model calibration also followed a standard approach: A
multi-objective complex evolution (MOCOM) (Yapo
et al., 1998) method was used with three commonly used
GOF measures as objective functions: (i) NSE; (ii) NSE
© 2013 Her Majesty the Queen in Right of Canada. Hydrological Processes ©
of log-transformed discharge (LNSE); and (iii) water
balance error (WBE). A set of five runoff generation
parameters were used for calibration: variable infiltration
curve parameter (Bi), fraction of maximum soil moisture
where nonlinear baseflow occurs (Ws), maximum velocity
of baseflow (mm/day) (Dsmax), fraction of Dsmax where
nonlinear baseflow begins (Ds), and variation of saturated
hydraulic conductivity with soil moisture (Expn). The Bi
parameter controls the partitioning of net precipitation
into surface and infiltration (and ultimately baseflow).
The Ds, Ws, and Dsmax parameters control the rate of
baseflow discharge as a function of soil moisture in the
lowest (third) soil layer and influence the overall
magnitude and timing of the hydrograph. The baseflow
curve also affects the rate of soil moisture storage change
over time, which indirectly affects the volume of moisture
available for transpiration. The Expn parameter controls
the variation of hydraulic conductivity as a function of
soil moisture, which governs the rate of vertical
percolation between the three soil layers (Schnorbus
et al., 2011). Demaria et al. (2007) found discharge
simulation to be most sensitive to Bi and Expn.
Additionally, in view of the uncertainties in the
precipitation data (such as low station density at high
elevation and orographic effects) (Stahl et al., 2006;
Neilsen et al., 2010), an adjustment factor for precipita-
tion was used for the VIC model calibration. Five
independent MOCOM runs were performed for the sub-
basins. From the model performance with respect to the
three objective functions, the model parameters with the
best overall performance were selected by using the fuzzy
preference selection methodology (Shrestha and Rode,
2008), which is based on the composite degree of
fulfilment of the multiple-objective functions. As in the
case of most hydrologic modelling studies (which use 5-
to 10-year calibration periods), 6 years (1985–1990) of
observed discharge was used for model calibration and an
additional 5 years (1991–1995) was used for model
validation. Calibration was conducted after a 3-year
spin-up period to exclude the effects of initial conditions
on hydrologic simulations.
Additionally, given the uncertainties in driving GCMs

and downscaling, this study analysed the VIC model
results driven by eight GCMs participating in phase 3 of
the Coupled Model Intercomparison Project (Meehl et al.,
2007a) (Table I), each for a Climate of the 20th Century
run. The GCM data, consisting of monthly precipitation,
and minimum and maximum air temperature were bias
corrected, spatially disaggregated (to a 1/16° grid) and
temporally disaggregated (to a daily time step) using a
statistical method called bias correction spatial disaggre-
gation (BCSD) (Wood et al., 2004). The BCSD
downscaling was calibrated to reproduce the distribution
of observations over 1950–1990 and validated over
2013 John Wiley & Sons Ltd. Hydrol. Process. 28, 4294–4310 (2014)
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Table I. Eight GCMs participating in phase 3 of the Coupled Model Intercomparison Project (Meehl et al., 2007a) used in this study

Model ID Modelling centre
Atmospheric
resolution Primary reference

CCSM3 National Center for Atmospheric Research (USA) T85L26 Collins et al. (2006)
CGCM3 (T47) Canadian Centre for Climate Modelling and Analysis (Canada) T47 L31 Scinocca et al. (2008)
CSIRO-Mk3.0 Commonwealth Scientific and Industrial

Research Organisation (Australia)
T63 L18 Rotstayn et al. (2010)

ECHAM5 Max Planck Institute for Meteorology (Germany) T63 L32 Roeckner et al. (2006)
GFDL-CM2.1 NOAA Geophysical Fluid Dynamics Laboratory (USA) N45L24 Delworth et al. (2006)
HADCM3 Hadley Centre for Climate Prediction and Research (UK) T42L19 Collins et al. (2001)
HADGEM1 Hadley Centre for Climate Prediction and Research (UK) N96L38 Martin et al. (2006)
MIROC3.2 Center for Climate Systems Research (Japan) T42 L20 K-1model developers (2004)
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1991–2000. The GCMs provide the long-term variability
of climate; and daily/monthly or annual variability of the
observed precipitation/temperature is not replicated.
Thus, the downscaled-GCM-driven hydrologic model is
not anticipated to replicate the daily/monthly or annual
dynamics of the observed streamflow. A detailed
description of the BCSD is available in Wood et al.
(2004), and its application for climate projections over
BC is available in Werner (2011).
From the 66 sub-basins individually calibrated in the

Fraser basin, the Salmon andWillow sub-basins (Figure 1)
were selected for this study because of key characteristics
Figure 1. Fraser basin and study sub-basins. Elevation shown is f

© 2013 Her Majesty the Queen in Right of Canada. Hydrological Processes ©
of the sub-basins that minimize uncertainties (i.e. no
significant instream flow alteration, abstraction or regu-
lation, and/or glaciers or large lakes that are not explicitly
accounted for in the VIC model) and facilitate a rigorous
evaluation of the hydrologic model performance.
However, as in the case of most other sub-basins in the
Fraser basin, both Salmon and Willow sub-basins have
experienced forest disturbances from insect infestations
(mountain pine beetle) and harvesting (Lin and Wei,
2008; Schnorbus et al., 2010). The study by Lin and Wei
(2008) indicated increases in mean and peak flows over
annual and spring periods and no change in the low flow
rom Shuttle Radar Topography Mission digital elevation model

2013 John Wiley & Sons Ltd. Hydrol. Process. 28, 4294–4310 (2014)
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due to forest harvesting (annual forest harvesting ranges from
0.6% to 1.2% of total sub-basin area) in the Willow sub-
basin, whereas Schnorbus et al. (2010) found no change in
the 20-year peak flow due to insect infestations in both sub-
basins. The impact of forest cover change on the hydrologic
model performance is not considered in this study.
The two study sub-basins are located in the central

plateau region of the Fraser River basin, contributing flow
to the river main stem near the Shelly hydrometric station.
The Salmon River originates in the vicinity of Tahaetkun
and Bouleau Mountains, whereas the Willow River
originates in the Cariboo Mountains. Forests are the
dominant land cover in both sub-basins. Although located
in close proximity of one another, the physiographic and
hydro-climatic characteristics of the two sub-basins differ
considerably. Specifically, the Salmon sub-basin, which is
located in the lower-elevation ranges, receives lower
precipitation and generates less runoff compared with the
Willow sub-basin (Table II). Mean monthly temperature
varies between �10 °C (January) and 14 °C (July) in the
Salmon sub-basin and �8.5 °C (January) and 13 °C (July)
in the Willow sub-basin. Both sub-basins are dominated
by snowmelt-driven runoff (nival regime), with peak flow
generally occurring in the spring.
It should be noted that this study is not intended as an

evaluation of the two sub-basin characteristics or the VIC
hydrologic model used in this study. By using a ‘standard’
model set-up, which has been found suitable for this
particular region, this study is intended to provide general
insights on the suitability of hydrologic-model-simulated
indicators for the EFN and climate change assessment.

Methods of evaluation

The ability of the VIC hydrologic model to replicate the
characteristics of the observed streamflow was analysed
using the sixWRIs and 32 IHAs that are listed in Table III. It
is to be noted that some of the IHAs (i.e. monthly median
flows andmagnitude and timing ofmaximum andminimum
daily flows) are also commonly considered in water
resource applications. The WRIs and IHAs were extracted
from the observed daily streamflow dataset, as well as from
the VIC model results driven by observed historical
climatology and a suite of eight downscaled-GCM datasets.
Table II. Water survey of Canada (WSC) hydrometric stations and c
annual temperature precipitation and runoff are for 1971-2000 (Salm

the hydrometric station disc

Station name
Sub-basin
name WSC ID

Sub
area

Salmon River near Price George Salmon 08KC001 4
Willow River above Hay creek Willow 08KD006 2

© 2013 Her Majesty the Queen in Right of Canada. Hydrological Processes ©

l

The IHA software version 7.1 (The Nature Conservancy,
2009) was used for the extraction of IHAs. At least 15 years
of discharge records is recommended for hydrologic index
analyses (Kennard et al., 2010) and ~30 years when
considering long-term climate change impacts (Carter
et al., 2007). In this study, the 30-year (1971–2000) and
the available 25-year (1976-2000) periods for the Salmon
River and Willow River, respectively, were used for the
analyses of WRIs and IHAs. For the comparison of the
simulated results with observations, three statistical tests
were employed: (i) Pearson correlation test; (ii) hydrologic
alteration factor (HAF); and (iii) Kolmogorov–Smirnov
(KS) test.
The HAF was designed to evaluate human perturbations

to the hydrological regime by considering a target range of
variability for each hydrologic indicator (Richter et al.,
1997). TheHAFhas been extensively employed for the IHA
analysis (Mathews and Richter, 2007; Yang et al., 2008;
Zolezzi et al., 2009; Suen, 2010) and provides a useful test
of replicability of the observed distribution by the simulated
distribution, which is expressed as

HAF ¼ Simulated frequency� Observed frequencyð Þ=
Observed frequency

(1)

where the observed and simulated frequencies are defined as
the number of samples between a target range of the 25th
and 75th percentiles (inter-quartile range) of the observed
dataset following the previous applications of the HAF by
Mathews and Richter (2007) and Suen (2010). Although it
is customary to also consider the target ranges between the
0th and 25th percentiles and between the 75th and 100th
percentiles, such ranges are not considered in this
application because of a limited number of sample points.
The HAF values range between �1 and 1, with HAF= 0
implying perfect agreement between observed and simulat-
ed frequencies (within the observed target range) and
HAF> 0 (HAF< 0) implying higher (lower) frequency of
simulated values than of observed values. Consistent with
previous work by Suen (2010), HAF values in the range of
±0.33 (i.e. simulated frequencies are within ±33% of the
observed frequencies) are considered indicative of accept-
able model accuracy.
orresponding study sub-basin characteristics. The sub-basin mean
on), and 1976-2000 (Willow). Runoff is obtained by normalizing
harges by sub-basin area

-basin
(km2)

Elevation range (m)
Prec.

(mm/year)
Runoff

(mm/year)Min. Mean Max.

379 571 847 1572 667 200
855 586 1102 1981 793 363

2013 John Wiley & Sons Ltd. Hydrol. Process. 28, 4294–4310 (2014)

es of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Table III. Water resources indicators (WRIs) and indicators of hydrologic alterations (IHAs) analysed in this study (adapted from
Richter et al., 1996; Sanford et al., 2007; Monk et al., 2011)

Hydrologic Indicators
No. of

indicators
Examples of hydrologic

influence Examples of ecological influence

Water resources indicators (WRIs)
Annual volume (km3), centre of timing of annual flow
(day of occurrence of 50% annual flow between
October and September) (day), median seasonal flow:
Winter (December–January–February);
Spring (March–April–May);
Summer (June–July–August)
and Autumn (September–October–November) (m3/s)

6 Annual water balance,
magnitude and timing of
seasonal conditions

Availability and suitability of
habitat for aquatic organisms

Indicators of hydrologic alterations (IHAs)
Monthly flow (m3/s) 12 Magnitude of monthly

water availability
Suitable habitat availability;
influence on secondary variables
e.g. water temperature, oxygen

Annual mean 1-day, 3-day, 7-day, 30-day,
90-day minimum and maximum (m3/s), and
baseflow (7-day minimum/mean annual flow)

11 Magnitude of annual flood
and drought conditions

Duration of stressful conditions
(high and low flows)

Day of each annual 1-day minimum and maximum
(water year) (day)

2 Timing of annual flood
and drought conditions

Spawn ing cue s fo r fi sh ;
compatibility with life cycles of
organisms

No of low (annual median� 25th percentile)
and high (annual median + 25th percentile)
pulses in a year, median duration of low
and high pulses within each year (day)

4 Frequency and duration of
high and low-flow
conditions

Availability of floodplain habitat;
influences channel morphology
e.g. bed load transport

Rise/flow rate (median of all positive/negative
changes in flow between consecutive days),
number of reversals (no. of switches between rising
and falling period)

3 Rate and frequency of
hydrograph changes

Drought (falling levels), flooding
(rising levels) or desiccation
stress for low mobility organisms
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Additionally, a two-sample nonparametric KS test was
employed to compare the distributions of observation-
driven and GCM-drivenWRIs and IHAs with observations.
Because pooling together the ensemble of eight GCM
members into one sample for statistical significance test was
considered problematic (Von Storch and Zwiers, 2012),
each member of the GCM-driven ensemble was compared
separately with observations. The test was formulated with
the null hypothesis that the observed and simulated samples
come from the same population and an alternate hypothesis
that the samples come from different populations. Statisti-
cally significant differences were identified when the null
hypothesis is rejected at a 5% significance level. It is worth
noting that the observed precipitation and temperature data
serve as the downscaling target (for BCSD calibration
period: 1951–1990), and observed streamflow data
(1991–1995) serve as target for the VIC model calibration;
therefore, the assumption of the independent samples is not
completely fulfilled for the KS test. The KS test is also
sensitive to the serial correlation of the datasets. However,
because lag 1 correlation coefficient values for 35 (Willow)
and 34 (Salmon) (out of 38) WRIs and IHAs lie within the
© 2013 Her Majesty the Queen in Right of Canada. Hydrological Processes ©
critical values at a 5% significance level (Table of Critical
Values for Pearson r; Sheskin, 2004), the effect of serial
correlation on the KS test is considered noncritical. It should
be noted too that for each test with a significance level of
5%, there is a 5% chance of rejecting the null hypothesis by
accident. Therefore, there is also a chance of rejecting the
null hypothesis by accident when eight GCM-driven WRIs
and IHAs are considered together, which is 0.279 and 0.057
for one and more than one rejections, respectively (also at a
5% significance level) by using the binomial cumulative
distribution function (Von Storch and Zwiers, 1999). Thus,
in other words, there is a one in three chance of falsely
rejecting the null hypothesis, and a reasonable global test of
significance ismore than one rejection of the null hypothesis
at the 5% significance level.
RESULTS AND DISCUSSION

VIC model calibration and validation results

The calibration and validation results for the Salmon and
Willow sub-basins (Figure 2) provide a general indication of
2013 John Wiley & Sons Ltd. Hydrol. Process. 28, 4294–4310 (2014)
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Figure 2. Observed and VIC simulated discharge (m3/s) for calibration
and validation period

Table IV. Goodness of fit measures of the VIC calibration and
validation results

Sub-basin
name

Statistical performance calibration (validation)

NSE LNSE WBE

Salmon 0.87 (0.83) 0.86 (0.81) 0.00 (-0.04)
Willow 0.85 (0.71) 0.86 (0.76) -0.02 (-0.14)
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the hydrologic model performance. The results show
generally good agreement between the observed and
simulated discharges, particularly for the annual major
hydrological event driven by the spring snowmelt. The three
GOF measures presented in Table IV [NSE (>0.7), LNSE
(>0.7), and WBE (<0.15)] are mostly similar to those
obtained in other VIC model calibration/validation studies
of the Fraser River sub-basin (Schnorbus et al., 2010;
Shrestha et al., 2012b) and are generally considered good
for the hydrologic model performance rating (Moriasi et al.,
2007). However, the ability of themodel to replicate specific
elements of the hydrograph is not clear from thesemeasures.
For instance, discrepancies between the observed and
modelled results can be seen from visual inspection of the
plotted results (Figure 2). In particular, the magnitude of
peaks shows considerable differences for both sub-basins,
and the low flows look poorly replicated, especially for the
Willow sub-basin. Such discrepancies between the observed
andmodelled results emphasize the need for amore rigorous
evaluation of the model performance and consider the
inherent sources of uncertainties, especially when a
particular element of the hydrograph is of interest.

Performance of WRIs and IHAs

Given that the hydrologic regime of the Willow and
Salmon sub-basins is nival, snowmelt has a major
© 2013 Her Majesty the Queen in Right of Canada. Hydrological Processes ©
influence on the dominant hydrograph event of the water
year (i.e. spring rising limb, summer falling limbs of the
hydrograph, and peak flow) and the WRIs and IHAs
associated with it (i.e. centre of volume, spring and
summer seasonal and monthly flows, magnitude and
timing of maximum flows, number and duration of high
pulses, rise and fall rate, and reversals). Annual low flows
occur primarily in winter (especially in the Willow sub-
basin), when most precipitation falls as snow (Moore and
Wondzell, 2005) and the streamflow consists mainly of
the baseflow component, which affects the WRIs and
IHAs associated with the low flow (i.e. seasonal and
monthly winter flows, magnitude and timing of minimum
flows, number and duration of flow pulses, and baseflow).
Hence, in this specific case, the WRIs and IHAs are
largely affected by the two key processes (spring freshet-
driven high flows and winter low flows) and their
representation in the VIC model. Besides replication of
IHAs is affected by model input/output uncertainties and
model calibration, which are discussed in the following
paragraphs.
The Pearson correlation coefficient between the

observed and simulated results (Figure 3) shows mixed
model performance. Most WRIs and monthly, maximum,
and minimum flow IHAs show relatively high correlation
coefficient values (>0.5), whereas most IHAs related to
the number and duration of flow pulses, rise and fall rates,
and reversals show low correlation values (<0.5). Such
result is common to both sub-basins, with most
correlation values close to each other.
Figure 4 depicts the spread of observation-driven and

GCM-driven HAF values. For the observation-driven
VIC model, the HAF values for WRIs and IHAs
predominately (28 for Salmon and 26 for Willow, out
of 38) lie between �0.33 and +0.33, indicating good
model replication of the frequencies (number of samples
between the 25th and 75th percentiles). Larger deviations
in frequencies for the observation-driven results can be
seen in some of the monthly IHAs, such as November and
December (HAF<�0.67) for Willow, implying that the
simulated range lies predominantly outside of the
observed range, and August (HAF> 0.67) for Salmon,
implying that the simulated range is narrower and lies
2013 John Wiley & Sons Ltd. Hydrol. Process. 28, 4294–4310 (2014)
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Figure 3. Correlation coefficients between observed and VIC simulated WRIs and IHAs for the Salmon (1971–2000) and Willow (1976–2000) sub-
basins
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mostly within the observed range. In the case of the 1- to
90-day maximum flows, the frequencies are mostly well
represented, whereas the 1- to 90-day minimum flows
show larger divergence from the observed frequencies for
the Salmon sub-basin. Such HAF values (mostly >0.5)
imply smaller spreads of the simulated minimum flows.
For most observation-driven flow pulses, rise and fall
rate, and number of reversals, the HAF values are mostly
negative and smaller than �0.33, indicating that the
simulated ranges lie predominantly outside of observed
range. For most GCM-driven results, the divergence of
the HAF values from zero is greater than that of
observation-driven results, with some of the seasonal,
monthly maximum, and monthly minimum flows show-
ing larger deviations, especially for the Salmon sub-basin.
The HAF values for some of the WRI and IHA values
show large spreads; therefore, considerable differences
occur when different downscaled-GCM data are used.
Specifically, larger deviations of some of the monthly and
flow pulse-related IHAs illustrate the difficulties in
replicating the intra-annual variability. Such discrepancies
cannot be discounted, especially if the modelled HAF
values are used in the EFN and climate change studies. It
is also important to understand the sources of uncertainty
for such discrepancies, which are discussed in the
following paragraphs.
Ranges of the WRIs obtained from the observed

streamflows and observation-driven and GCM-driven
VIC streamflow simulations are shown in Figure 5, with
numbers at the bottom specifying the number of results
with statistically significant differences using the KS test
(p< 0.05). The results generally show good skill of the
observation-driven VIC model in replicating annual flow
volumes and centre of timing, with the median values and
distributions represented reasonably well. In the case of
seasonal flows, whereas the spring and autumn flows are
well simulated, winter flow is over-predicted, and summer
© 2013 Her Majesty the Queen in Right of Canada. Hydrological Processes ©
flow is under-predicted. Additionally, despite the fact that
part of the observation-driven VIC streamflow is used for
VIC model calibration and therefore is not independent of
observed streamflow, statistically significant differences
for winter (Salmon and Willow) and summer (Salmon)
are obtained. Such discrepancies illustrate the difficulties
in correctly simulating the seasonal streamflow values,
even when annual cycles are well replicated. In the case
of GCM-driven results, additional uncertainties induced
by the downscaled-GCM data contribute to further
discrepancies. Specifically, in addition to the statistically
significant differences obtained from the observation-
driven results, the centre of timing and seasonal flows
obtained from some of the GCM-driven results also
exhibit statistically significant differences.
The comparison of the observation-driven median

monthly flows with observations also shows mixed
results (Figure 6). Although the distributions of high-
flow months are mostly well reproduced, the flows during
low-flow months show statistically significant differ-
ences. Such discrepancies in replicating monthly flow
characteristics can be attributed to inherent uncertainties
in the data and the model. Firstly, errors in the observed
discharge data (i.e. streamflow gauging and stage–
discharge relationship uncertainties) will lead to a certain
degree of deviations between the observed and simulated
results. In particular, the ability to obtain reliable low-
flow measurements is complicated by factors such as
hyporheic flow exchange and the presence of river ice and
aquatic vegetation (Hamilton, 2008), leading to consid-
erable uncertainties in the measured discharge. The fact
that over 35% of the observed data used are obtained
under ice conditions (Water Survey of Canada, hydro-
metric data: http://www.wsc.ec.gc.ca/applications/H2O/
index-eng.cfm) implies considerable uncertainty in the
measured low-flow values. In turn, the lack of consider-
ation of hydraulic effects of river ice on streamflow in the
2013 John Wiley & Sons Ltd. Hydrol. Process. 28, 4294–4310 (2014)
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Figure 4. Hydrologic alteration factor (HAF) values for observation-driven VIC and GCM-driven VIC results for (a) Salmon (1971–2000) and (b)
Willow (1976–2000) sub-basins. The HAF values range between �1 and 1, with HAF=0 implying perfect agreement, HAF> 0 implying that the
simulated values are more frequent (within the target range) and have narrower spread than the observed, and HAF< 0 implying that simulated values

are less frequent and lie outside the observed target range
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VIC model (this is also the case for other hydrologic
models) also leads to uncertainty. Secondly, errors in
precipitation and temperature data (i.e. low station density
at high-elevation areas) affect the runoff generation
processes, such as snow storage, melt and soil moisture,
and resulting monthly flow response. Thirdly, the GOF
measures, NSE, WBE, and to a lesser extent LNSE, are
predominantly tuned to the high-flow period and do not
directly consider the intra-annual variability such as
monthly distribution of flow. Fourthly, structural uncer-
© 2013 Her Majesty the Queen in Right of Canada. Hydrological Processes ©
tainty of the hydrologic model, no doubt, also contributes
to the low-flow discrepancies. Although such problems in
replicating the low flows are not unique to the VIC model,
previous studies (e.g. Warrach et al., 2002; Demaria
et al., 2007; Surfleet et al., 2012) also demonstrated
difficulties in reproducing low flows by the VIC model,
which may be partly related to the conceptual represen-
tation of soil moisture processes. Furthermore, fractions
of the two sub-basins are covered by wetlands (4.5% and
1.8% of the Salmon and Willow sub-basins, respectively,
2013 John Wiley & Sons Ltd. Hydrol. Process. 28, 4294–4310 (2014)
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a)

b)

Figure 5. Observations, observation-driven VIC and GCM-driven VIC water resource indicators for (a) Salmon (1971–2000) and (b) Willow
(1976–2000) sub-basins. Each box plot illustrates the median and inter-quartile range, and the whiskers represent the upper and lower limits. The
numbers at the bottom refer to the number of observation-driven (out of one) and GCM-driven (out of eight) results with statistically significant

differences, and empty fields refer to those with no statistically significant differences based on the KS test
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calculated from BC Land and Resource Data, http://
archive.ilmb.gov.bc.ca/lrdw/), and the lack of explicitly
considering wetlands in the version of VIC model used
could have some influence on the simulated flows.
Bowling and Lettenmaier (2010) implemented a dynamic
lake/wetland model in the VIC model version 4.1.1 and
found improvement in the timing and shape of the
snowmelt-induced hydrograph (in watersheds with 50%
and 70% seasonal flooding). The replication of the timing
of snowmelt-induced hydrograph is not an issue for the
two sub-basins considered, but wetlands could affect
annual water balance, and the effect of wetlands on
hydrologic response should be considered in future
studies. Another factor that may cause such divergence
of modelled results is the impact of the short calibration
period. Six years (1985–1990) of data covering 64% and
© 2013 Her Majesty the Queen in Right of Canada. Hydrological Processes ©
55% of the range (difference between maximum and
minimum) of 25 years (Willow) and 30 years (Salmon)
was used; therefore, the variability of the analysis period
(25–30 years) was not fully represented.
Furthermore, as in the case of seasonal distribution, the

results also show discrepancies in the monthly distribution
of the flow, with overestimation during winter months and
underestimation during summer months (especially for the
Willow sub-basin). Such discrepancies indicate the presence
of systematic bias, which is also supported by high
correlation coefficients between the observed and observa-
tion-driven VIC results where statistically significant
differences in the monthly IHAs occur (i.e. Salmon:
February 0.64, July 0.72, August 0.84, September 0.60;
Willow: November 0.47, December 0.74, January 0.87,
September 0.82; Figure 3). This suggests a possibility of
2013 John Wiley & Sons Ltd. Hydrol. Process. 28, 4294–4310 (2014)
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a)

b)

Figure 6. Observations, observation-driven VIC and GCM-driven median monthly flows for (a) salmon (1971–2000) and (b) willow (1976–2000) sub-
basins. Each box plot illustrates the median and inter-quartile range, and the whiskers upper and lower limits. The numbers at the bottom refer to the
number of observation-driven (out of one) and GCM-driven (out of eight) results with statistically significant differences, and empty fields with no

statistically significant differences based on the KS test
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improving the model performance, e.g. by using the
monthly flows as objective functions for hydrologic model
calibration. In the case of GCM-driven results, more than
two ensemble members (which is considered a threshold for
the global null hypothesis test) exhibit statistically signif-
icant differences for additional winter, spring, and summer
months, further illustrating the role of downscaled-GCM
uncertainties. Specifically, although the BCSDdownscaling
method is effective at capturing many aspects of historical
daily temperature and precipitation variability and is
competitive in this respect with many other well-known
statistical downscaling methods (Bürger et al., 2012), some
uncertainties in extremes will no doubt remain, especially
given that the BCSD performs downscaling at a monthly
time step and disaggregates into daily time step.
Figure 7 shows the comparison of the IHAs related to

the annualmaximumandminimumflows, their timings, and
baseflow ratio (7-dayminimum flow/mean annual flow). As
previously stated, the observed maximum and minimum
flow data (especially for smaller duration events) can be
© 2013 Her Majesty the Queen in Right of Canada. Hydrological Processes ©
subject to considerable uncertainties, which can affect the
ability of the model to replicate these events. Nevertheless,
the range and median values of the annual maximum and
minimum flows are reproduced reasonably well by the
observation-driven VIC model for both sub-basins. The 1-
day maximum flow date is also replicated reasonably well.
Such plausible reproduction of magnitude and timing of the
peak flow implies the capability of the VIC model in
representing the snowmelt-driven hydrologic response. The
agreement of the observation-driven minimum flow is
achieved despite problems in replicating IHAs for low-flow
months (Figures 6 and 7). A comparison of the 1-day
minimum flow date (Figure 7) provides a possible
explanation; the median simulated 1-day minimum flow
occurs later than the observed flows (especially for the
Willow sub-basin), causing discrepancies in the low-flow
months. This apparent mismatch in the magnitude and
timing of the minimum flows also provides an explanation
for the systematic model bias in the simulated monthly
flows. This also points to a limitation of the model
2013 John Wiley & Sons Ltd. Hydrol. Process. 28, 4294–4310 (2014)
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a)

b)

Figure 7. Observations, observation-driven VIC, and GCM-driven VIC maximum and minimum flows for (a) Salmon (1971–2000) and (b) Willow
(1976–2000) sub-basins. Each box plot illustrates the median and inter-quartile range, and the whiskers represent the upper and lower limits. The
numbers at the bottom refer to the number of observation-driven (out of one) and GCM-driven (out of eight) results with statistically significant

differences, and empty fields refer to those with no statistically significant differences based on the KS test
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calibration, which although considers the magnitude of low
flow (i.e. by using the LNSE) does not consider the
associated timing. A possible method for improving the
model performance for a particular WRI or IHA (such as
monthly flow) might be to use an objective function best
suited for that WRI or IHA, but that would potentially lead
to multiple calibrations for a suite ofWRIs and IHAs. In the
case of baseflow ratio, the distribution is mostly well
reproduced for the Salmon sub-basin, whereas for the
Willow sub-basin, most values show a negative bias. The
baseflow ratio correlation for the Willow sub-basin is also
low (Figure 3), indicating poor replication of interannual
variability. A closer examination of the results reveals that
© 2013 Her Majesty the Queen in Right of Canada. Hydrological Processes ©
biases in the annual mean flow (mostly positive bias)
(Figure 5) and 7-day low flow (mostly negative bias)
(Figure 7) affect the annual values of baseflow ratios and
lead to low correlation with observed baseflow ratio. A
lower correlationwas also obtained for the 90-dayminimum
flow (which occurred in winter months) for theWillow sub-
basin (Figure 3), which arises from the larger error in winter
flows (Figure 6). For the GCM-driven maximum and
minimum flows, their timing, and their baseflow ratios, the
results depict statistically significant differences (p< 0.05)
for more than two members of the ensemble (especially for
the Salmon sub-basin), again illustrating the role of
downscaled GCMs on the simulated outputs.
2013 John Wiley & Sons Ltd. Hydrol. Process. 28, 4294–4310 (2014)
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In the case offlowpulses, rise and fall rates, and reversals,
both observation-driven and GCM-driven VIC model
results differ considerably from observations (Figure 8).
Specifically, a low correlation (Figure 3) and statistically
significant (p< 0.05) differences in reproducing the number
of low-pulse (defined as annual median� 25th percentile)
events and their durations further emphasize the problem in
modelling low flows. The model exhibits better skill in
reproducing high-flow-pulse (defined as annual median +
25th percentile) events and their durations, which is related
to the good model skill in replicating spring snowmelt-
generated streamflow period (Figure 4). But the problems in
reproducing hydrograph rise (median of all positive
changes) and fall rate (median of all negative changes)
a)

b)

Figure 8. Observations, observation-driven VIC, and GCM-driven VIC low
number of reversals for (a) Salmon (1971–2000) and (b) Willow (1976–2
range, and the whiskers represent the upper and lower limits. The numbers
GCM-driven (out of eight) results with statistically significant differences, a

based on th

© 2013 Her Majesty the Queen in Right of Canada. Hydrological Processes ©
and the number of hydrograph reversals (number of
switches between rising and falling period) illustrate another
limitation. Specifically, the simulated rise and fall rates and
number of reversals (at a daily time step) are higher than
those seen in the observed streamflows, and Pearson
correlation coefficients between observed and observation-
driven VIC results for these seven IHAs (i.e. number and
duration of low-flow and high-flow pulses, rise and fall rate,
and reversals) are mostly low (Figure 3). Although the
issues related to hydrologic model structure and param-
eter uncertainties play a part in such mismatches, the
uncertainty in hydrometric data can also be an important
factor for such deviations. Specifically, given that over
35% of the discharge data used are obtained under ice
and high pulse numbers, low and high pulse days, rise and fall rates, and
000) sub-basins. Each box plot illustrates the median and inter-quartile
at the bottom refer to the number of observation-driven (out of one) and
nd empty fields refer to those with no statistically significant differences
e KS test

2013 John Wiley & Sons Ltd. Hydrol. Process. 28, 4294–4310 (2014)
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Conclusions and future work

This study evaluated the general replicability of six
WRIs and 32 IHAs that are proposed for ecological flow
needs and climate change assessments. A typical
hydrologic model set-up (VIC) for two headwater sub-
basins (Salmon and Willow) of the Fraser river basin was
used for the evaluation. This study is not intended to be
an evaluation of the capabilities of the VIC model (and
the processes it represents) or the two sub-basin
characteristics. Going beyond a typical calibration/
validation framework, we focused on providing insights
on the general capabilities and uncertainties surrounding
the replications of WRIs and IHAs. Overall, the
replicability of the WRIs and IHAs ranges from good to
limited. The results showed good performance for the
annual flow and snowmelt-driven monthly and peak flows
and limited performance for low flow, number and
duration of flow pulses, rise and fall rates, and reversals.
A number of factors that cause such discrepancies were
identified, such as the lack of explicit consideration of
these indicators in model calibration, errors in meteoro-
logical inputs, and errors in observed and/or simulated
discharge data. For example, in this particular case, sub-
basin-specific factors such as uncertainties in the
discharge data during river ice conditions likely contrib-
ute to the discrepancies for some of the IHAs such as
minimum flows, number and duration of low-flow pulses,
rise and fall rates, and reversals. Additionally, model
structural uncertainties affect the model’s ability to
replicate observed flows (especially low flow) and
contribute to the discrepancies. The observation-driven
VIC model generally performed better compared with the
GCM-driven VIC model (especially for the maximum
and minimum flows), indicating the role of additional
errors induced by using downscaled-GCM data. In the
comparison of the model performance for two sub-basins,
the results are mostly similar. Similar problems in
replicating some of the indicators (i.e. monthly flows,
number and duration of flow pulses, rise and fall rates,
and reversals) imply that the errors are independent of
sub-basin characteristics and are related to model input
and output, parameter, and/or structural uncertainties.
The success, or lack thereof, in capturing the statistical

characteristics of WRIs and IHAs using a hydrologic
model raises important questions regarding the applica-
bility of hydrologic-model-simulated indicators in EFN
and climate change assessments. The discrepancies in
© 2013 Her Majesty the Queen in Right of Canada. Hydrological Processes ©
simulating some of the indicators emphasize a need for a
detailed evaluation of modelled indicators, beyond
traditional calibration/validation. Although some of the
performance issues are specific to the sub-basins and/or
the chosen hydrologic model (VIC), discrepancies
between the simulated and observed results remain
unavoidable in hydrologic modelling of river systems
because of different sources of inherent uncertainties. The
lack of agreement of some of the indicators (in this case,
the number and duration flow pulses, rise and fall rates,
and reversals) illustrates the limitation of the flow data
and hydrologic model and emphasizes the need to
exercise caution in the use of model-simulated indicators.
Not surprisingly, the model performs better for the
indicators for which it is calibrated (i.e. peak flow).
Hence, if certain indicators such as low-flow months are
of interest, it will be a good idea to explicitly include the
indicators for calibration. In this particular case, given
that the errors in some of the indicators (e.g. monthly
flows and low flows) are likely due to systematic bias
suggests the possibility of improving the model perfor-
mance by using the monthly flows as objective functions
for hydrologic model calibration. For example, formula-
tion of an objective function that takes into account both
magnitude and timing of low flow can potentially lead to
improved performance for low-flow months. Model
calibration with additional variables such as snow (when
available) should also be considered for a better
reproduction of the physical processes. Another factor
not specifically considered in this study is the improve-
ment of the hydrologic model or application of the
hydrologic model best suited for a WRI or IHA of
interest. For instance, the consideration of wetlands and/
or use of a finer grid resolution could potentially improve
the performance for some of the WRIs and IHAs.
From the climate change studies perspective, additional

uncertainties induced by the downscaled-GCM data also
emphasize a need for caution in the use of simulated
indicators. For instance, in this study, the discrepancies in
replicating the maximum and minimum flows using the
GCM-driven inputs raise a question on the model’s ability
to simulate future changes in extremes. This is an
important question given that the current generation of
climate models projects a future increase in precipitation
intensity (Meehl et al., 2007b), which will have
implications to flow extremes. An equally important
issue pertains to the reliability of projected future changes
that are expressed as the difference between the modelled
future and baseline results, when the baseline results are
significantly different from observations. These issues,
such as the analysis of modelled results for two historical
periods, should be a focus of future studies. In summary,
hydrologic models can be powerful tools for ecological
flow needs and climate change assessments, provided that
2013 John Wiley & Sons Ltd. Hydrol. Process. 28, 4294–4310 (2014)
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