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ABSTRACT

Hydrological processes over and through frozen and unfrozen ground were simulated in the well instrumented
boreal forest basin of White Gull Creek, Saskatchewan, Canada using a model created using the flexible Cold
Regions Hydrological Modelling (CRHM) platform. The CRHM-created Boreal Hydrology Model was structured
and initially parameterized using decades of process hydrology research in the southern boreal forest with minor
parameter calibration, and generally produced quite good performance on simultaneously reproducing the
measurements of runoff, snow water equivalent (SWE), soil liquid water content and eddy correlation flux tower
observations of evapotranspiration (ET) over two decades. To examine the sensitivity of basin hydrology to
perturbed climate inputs, air temperature (T) inputs were set up by linear increments in the reference obser-
vation of up to +6 °C, and precipitation (P) inputs were generated by multiplying the reference observed P from
70% to 130%. The model results showed that the basin hydrological variables showed quite different sensitivities
to perturbations of P and T. The volume of annual runoff and the annual runoff coefficient increased more rapidly
with rising P, at rates of 31% and 16% per 10% increase in P, but decreased by only 3.8% and 4.7% per 1 °C of
warming. Annual ET increased rapidly with temperature, by 7% per 1 °C of warming and therefore drove the
streamflow volumetric changes with warming, but increased only 1% per 10% increase in P. Perturbations of P
and T had distinctively different influences on the streamflow regime. Increased P enhanced the intra- and inter-
annual variabilities of basin runoff, reduced the relative contribution of winter runoff to annual runoff and
increased the relative contribution of summer runoff; whilst rising T resulted in the inverse changes in the
streamflow regime. Effects of warming on some hydrological processes could be compensated for to varying
degrees by the effects of increases in P. Reductions in the annual runoff volume and runoff coefficient caused by
warming up to 6 °C could be compensated for by increases of <20% in P. However, the maximum increase in P
(+30%) examined could only compensate for the changes in snow processes caused by warming of less than 4 °C
and snow-cover duration decreases with 1 °C warming could not be compensated for by any precipitation in-
crease considered. These results inform the vulnerability of boreal forest hydrology to the first-order changes in P
and T and provide guidance for further climate impact assessments for hydrology in the southern boreal forest in
Canada.

1. Introduction

currently experiencing more severe climate change than the global
average (Price et al., 2013), and this is expected to continue in the

The boreal zone covers the northern high latitudes in North America
and Eurasia, about 28% of which is in Canada, spanning from the in-
ternational border between Yukon and Alaska to Newfoundland and
Labrador (Brandt et al., 2013). The boreal forest that dominates this
zone is approximately one third of the global forested area (Gauthier
et al.,, 2015) and plays an important role in the hydrology of northern
rivers in the circumpolar North (Buttle et al., 2000). Boreal forests are
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future. One reason for the stronger climatic change in boreal zones is the
reduced surface albedo caused by reduced snow cover (Bonan, 2008;
Euskirchen et al., 2010; Kozii et al., 2017). Recent analyses from Envi-
ronment and Climate Change Canada reported by Bush and Lemmen
(2019) suggest median temperature (T) and annual precipitation (P)
increases of 2.3 °C and 7.5% respectively for the period 2031-2050 and
6.4 °C and 18.4% respectively for 2081-2100 under RCP8.5, compared
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to 1986-2005. Such changes in T and P are magnified in winter and so
could have strong effects on the snow accumulation and losses, as well as
other hydrological processes in boreal forest (Kozii et al., 2017). How-
ever, the sensitivities of hydrological processes to climate changes in
boreal forest are less well understood in comparison to warmer regions
in Canada (Buttle and Metcalfe, 2000; Metcalfe and Buttle, 2001).

The boreal forest is characterized by a long and cold winter (Hardy
et al., 1998; Nelson et al., 2014). Snow mass and energy balance in the
forest are regulated by the canopy through multiple processes such as
interception and sublimation of snowfall, reduced shortwave radiation,
and enhanced longwave radiation from the forest trunk (Pomeroy et al.,
1998; Pomeroy et al., 2009; Ellis et al., 2010; Rasmus et al., 2013).
Higher canopy coverage typically results in increased snow interception
and snow sublimation, as well as slower snowmelt below the mature
boreal forests (Pomeroy and Granger, 1997; Hedstrom and Pomeroy,
1998; Kozii et al., 2017; Pomeroy et al., 2002; Gelfan et al., 2004). As a
result, winter snow accumulation under mature boreal forests that are
dominated by needleleaf trees is substantially lower than that in adja-
cent clearings or deciduous forest stands (Pomeroy and Gray, 1995).
Snow and forest cover also influence the seasonal freezing of soils and
spring snowmelt infiltration to and runoff over frozen soils (Gray et al.,
2001). The strong effects of forest canopy on snow accumulation and
snowmelt in turn dictate the complexity in the runoff generation
processes.

However, boreal forests are typically remote and extensive (Sulla-
Menashe et al., 2018), creating great challenges for surface observations
of its hydrometeorological characteristics. For example, Brown et al.
(2019) demonstrated a lower density of snow observation in the boreal
forest than those in the Prairies and western mountains in Canada. The
strong spatial variability of snow accumulation across forest and open
clearing sites impairs the representativeness of point or small-area snow
surveys for estimates at a basin scale (Pomeroy et al., 2002). Empirical
snowmelt models that need detailed field measurements for
temperature-index melt parameter calibration have limited predictive
capability in the boreal forest basins where stand snow density varies
substantially, and calibration datasets are often unavailable (Ellis et al.,
2010). A physically based cold regions hydrological model which re-
quires minor to no parameter calibration by field measurements is
needed to capture the complicated runoff processes for boreal forests
(Pomeroy et al., 1999).

Changes in T and P cause distinctive changes in the operation of
hydrological processes in boreal forest ecosystem. Rising T generally
leads to increasing evapotranspiration and reduces soil water avail-
ability for tree growth in boreal forests (Granger and Pomeroy, 1997;
Elliott et al., 1998; Peng et al., 2011); whilst increasing P has the po-
tential to compensate for reduced water availability caused by rising T.
However, to what extent the effect of warming T on water availability
could be compensated for by increasing P has not been evaluated in
boreal forest river basins. Climate change scenarios simulated by global
and regional climate models (GCM and RCM) contain large uncertainties
for future hydroclimates due to coarse spatial resolution, non-explicit
parameterisation of convective storms (Li et al., 2019), and low capa-
bility to capture the effects of sub-grid features of precipitation dy-
namics and land cover feedbacks (Rasouli et al., 2014; Rasouli et al.,
2019). Alternatively, linear changes of P and T, produced by perturbing
the current observed time series of P and T from instrumented basins up
to the corresponding change ranges projected by an ensemble of climate
models have been demonstrated as highly suited to investigate the hy-
drological sensitivity to climate change and the compensation effects
between P and T perturbations in cold regions (e.g. Rasouli et al., 2014;
Rasouli et al., 2015; Aygiin et al., 2020; He, 2021).

In light of this background, the objective of this paper is to investi-
gate the sensitivities of hydrological processes in a boreal forest drainage
basin to P and T perturbations. The specific research questions are three-
fold:

(1) Can the full range of boreal forest hydrological processes be
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represented in a physically based hydrological model with minimal
parameter calibration?

(2) How is basin hydrology in the boreal forest sensitive to a wide
range of perturbations of P and T?

(3) To what extent can the effects of warming T on hydrological
processes in the boreal forest be compensated for by increased
precipitation?

The questions will be addressed using perturbed P and T simulations
made with a physically based hydrological model that is suitable for cold
regions boreal forest hydrology and was tested in a well instrumented
boreal forest research basin.

2. Study area and data

The study was conducted in the White Gull Creek (WGC), a boreal
forest basin located in central Saskatchewan, in the southern Canadian
boreal forest (Fig. 1). The basin has an effective drainage area of 603
kmz, with elevations ranging from 472 m a.s.l. (above sea level) to 688
m a.s.l., and is covered by four forest types: harvested jack pine (HJP,
33.4 km?), old jack pine (OJP, 67.2 km?), aspen (ASP, 137.3 km?) and
old black spruce (OBS, 254.1 km?). The remaining basin area is covered
by open wetland (Fen, 94.2 km?) and open water bodies (16.4 km?).
Annual mean P and T are 440 mm (around 30% as snow) and 1.5 °C,
respectively, during the period of 1998-2016 measured at the OBS
station by Environment and Climate Change Canada. The basin surficial
geology is mainly composed of Pleistocene and Holocene glacial de-
posits (Nijssen and Lettenmaier, 2002). Soil textures in the basin mainly
consist of loam, sand and clay (Agriculture and Agri-Food Canada,
2015). The organic layer depth is generally 8-10 cm (Bartlett et al.,
2006).

Intensive observations started with the Boreal Ecosystem-
Atmosphere Study (BOREAS) in 1993 (Sellers et al., 1997) which later
became the Government of Canada’s and the University of Saskatch-
ewan’s Boreal Ecosystem Research and Monitoring Sites (BERMS).
Double scaffold towers (with heights of around 26 m, stretching to
approximately twice height of the canopy) equipped with meteorolog-
ical and flux instrumentations (such as Vaisala HMP45 and RM Young T/
RH in radiation shield, RM Young 05103 wind monitor and RM Young
cup anemometer) have been operated on the OJP and OBS sites since
1997. Meteorological datasets, including P, T, wind speed, relative hu-
midity, carbon and water flux, and solar radiation, were measured every
30-minute at the OBS and OJP stations (Fig. 1). Precipitation was
measured by a Geonor T-200B weighing precipitation gauge and a
CS700 tipping bucket rain gauge. Missing data were infilled using
measurements from nearby BERMS weather stations based on regression
relations that were developed on overlapping measurement periods
(Davison et al., 2016). Instruments for the measurements of multiple
variables are presented in Table 1.

Soil liquid volume water content (VWC) observations at multiple
depths (0-15 cm, 15-30 cm, 30-60 cm and 60-90 cm) have been
recorded by the CS615 water content reflectometer and CS616 TDR
sensor every 4 h at the OBS and OJP sites since 1997. Evapotranspiration
(ET) was measured using an eddy-covariance system and method every
30-minutes. The eddy-covariance system consists of a CSAT3 sonic
anemometer that measures wind speed in three dimensions and a LI-
7200 infrared gas analyzer. The EC system measured sensible and
latent heat fluxes and net ecosystem exchange based on the changes of
eddy fluxes and storage in the air underneath the EC system (Barr et al.,
2012). An energy-closure factor calculated from the measured energy
fluxes was used to estimate an energy-closure adjusted ET. To convert to
mm of water, latent heat of vaporizations of 2.83 and 2.45 MJ/kg were
used during the sublimation period and rainy period, respectively.
Continuous snow depth at a point near the tower was measured with
Campbell Scientific Canada SR50 and SR50-AT sonic rangers. Periodic
winter and spring snow surveys have been taken on transects near the
OBS and OJP sites since 1993. At each survey transect, 5 density
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Fig. 1. (a) Location of the White Gull Creek basin in Canada, (b) land cover types, and (c) elevations and stations. OBS and OJP refer to the meteorological stations
and sites for snow and soil moisture surveys.

measurements and 45 depth measurements were taken along a 100 m

Table 1 survey line. Averaged snow depths and densities measurements were

Instruments for field measurements in the White Gull Creek basin.

used to estimate the mean snow water equivalent (SWE) at the survey

Variable Equipment/Sensor Sampling Sites transect as per Pomeroy and Gray (1995).
Frequency Daily streamflow data have been collected at a hydrometric station
Snow water equivalent SR50 and SR50-AT Couple of OJP and (05KE010, 104.62° W and 53.86° N) located at the outlet of White Gull
(SWE) sonic rangers, and times each  OBS Creek by the Environment and Climate Change Canada’s Water Survey
snow stales year f Canada since 1993. Water level dat d at used al
Evapotranspiration (ET) eddy-covariance 30-min OJP and o R anada since - yvater eve. ata were 1"neasure at use 'aong
system with CSAT3 OBS with manually measured depth-discharge rating curves to estimate
sonic anemometer and streamflow discharge at daily timesteps, continuously through January
LI'712°° infrared gas to December. A full description of the sites, forest and data available can
analyzer . i ip-
Soil liquid volume water  CS615 water content 4h OJP and b_e found here https.//w.ater.usask.ca/berms/lgdex.pl}p and a descrip
content (VWC) reflectometer and 0OBS tion of water balance variables and streamflow is provided by Barr et al.
CS616 TDR sensor (2012). The meteorological, flux, and soil data are available at: http
Meteorology (P, T, Double scaffold tower ~ 30-min OJP and s://doi.org/10.20383/101.0292 (Ahmed et al., 2020).
Relative humidity, equipped with OBS
radiation, and wind multiple sensors such
speed) as Vaisala HMP45 and 3. MethOdOIOgy
RM Young T/RH in
radiation shield; RM 3.1. Hydrological model
Young 05103 wind
?:;2;025;“1 RM A physically based hydrological model, the Boreal Hydrology Model,
anemometer; CNR1 was set up for the WGC basin using the Cold Regions Hydrological
net radiometer and LI- Modelling (CRHM) platform. CRHM is an object-oriented platform for
190 quantum sensor; assembling hydrological modules. The user constructs a purpose-built
gg;ggr T-200B and hydrological model with CRHM by selecting modules that are suitable
rain gauge. . X . . . .
Streamflow N/A daily 05KE010, at for Fhe sp.atlal conﬁguratlon.s and physical hydrologlcal processes in tl.le
high way basin of interest. Hydrological response units (HRUs) are used to dis-
No. 106 cretize the basin and are determined based on variability of basin at-

tributes and level of physical complexity chosen for the model. Physical
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complexity is decided by the user, given the data availability, hydro-
logical complexity, and the objective flux or state for prediction. Pom-
eroy et al. (2007) provided a full description of CRHM, including

evaluation of some of its modules using BERMS data. Updates to the 10.

model for forest hydrology are provided by Ellis et al. (2010) and
Pomeroy et al. (2012). Fig. 2 shows the schematic setup of physically

based modules that were constructed in WGC basin, which include: 11.

. Solar radiation: estimates maximum sunshine hours, direct and
diffuse solar radiation according to basin characteristics of lati-
tude, altitude, azimuth and terrain slope (Garnier and Ohmura,
1970).

. Observation: reads the time series of T, wind speed, relative hu-
midity and P, and estimates spatial distributions of T, humidity, P
and P phase with adjustments for elevation to downscale to each
HRU (Harder and Pomeroy, 2013).

. Sunshine hour: calculates sunshine hours for HRUs from solar
irradiance observations.

. Longwave radiation: estimates longwave radiation using short-
wave irradiance from the solar radiation module (Sicart et al.,
2006).

. Slope radiation: calculates shortwave irradiance to HRU slope
using estimate of the solar radiation module.

. Canopy: calculates interceptions of snowfall and rainfall, snow
sublimation, evaporation of intercepted rainfall, drip and
unloading water from the forest canopy, and thus updates the
snowfall, rainfall, shortwave and longwave irradiance under the
canopy (Ellis et al., 2010).

. Albedo (Verseghy, 1991): calculates surface albedos of snow
covered and snow-free surfaces for the summer net radiation and
energy-balance snowmelt modules.

. Blowing snow (Pomeroy and Li, 2000): estimates inter-HRU snow
transports and blowing snow sublimation losses forced by wind in

12.

13.

14.

15.
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internal energy exchanges across snowpack layers, and calculates
the snowmelt and runoff through snowpack using a version of the
Snobal model (Marks et al., 1998).

Summer net radiation (Granger and Gray, 1990): estimates net
radiation from short and long-wave radiations for the ground
surface T and evaporation modules in the snow-free season.
Ground surface T: estimates T of the ground surface using the
radiative-conductive-convective approach in Williams et al.
(2015). Air T, thermal conductivity, energy balance of snowpack
in the snow covered period and net radiation in the snow-free
period were used as inputs (Luce and Tarboton 2010).
Volumetric soil moisture: converts soil moisture depths from the
soil module to volumetric soil moisture and initializes the fall soil
saturation status for the infiltration module.

Infiltration: calculates snowmelt infiltration into frozen soils
using Gray’s parametric infiltration algorithm (Zhao and Gray,
1999; Gray et al., 2001) and rainfall infiltration into unfrozen
soils using Ayers’ infiltration scheme (Ayers, 1959). This module
permits infiltration to soil column by linking with the soil mod-
ule, and computes surface runoff when snowmelt or rainfall ex-
ceeds the infiltration rate (infiltration excess runoff).
Thaw-freeze fronts (Changwei and Gough, 2013): simulates the
seasonal freezing and thawing fronts in frost based on ground
surface T using a modified Stefan’s heat flow equation.
Evaporation: estimates actual evapotranspiration from unsatu-
rated surfaces using the Penman-Monteith (P-M) evapotranspi-
ration algorithm (Monteith, 1965) with a Jarvis-style resistance
formulation (Verseghy, 1991). The Priestley and Taylor evapo-
ration expression (Priestley and Taylor, 1972) was used to esti-
mate evaporation from saturated surfaces of open water bodies,
wetlands and river channels. Both evaporation algorithms are
restricted by water availability, and subsequently update water
storages in the interception and depression stores and soil layers.

the snow accumulation period using a version of the Prairie 16. Soil moisture: simulates groundwater-surface water interactions
Blowing Snow Model (Pomeroy et al., 1993). and calculates subsurface interflow from soil water and deep
. Energy-balance snowmelt: estimates energy balance of radiation, groundwater flow, updating water storages in surface de-
latent and sensible heats, ground heat, rainfall advection, and the pressions, soil layers and groundwater aquifer (Fang et al., 2010;
T Max. sunshine
4 Solar radiation | ioval adistion |
Sunshine h our Sunshine hours
‘Wind spee
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<«—{ Observation |Hmidgiy ,
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Albedo
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Fig. 2. Module structure of the physically based hydrological model for White Gull Creek basin, including process and data modules and flow of variables for
radiation (red line), meteorology (blue line), evaporation and sublimation (orange line), snow (green line) and soil moisture content, ground surface temperature and

water (black line).
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Fang et al., 2013; Pomeroy et al., 2016). Thawing and freezing
fronts simulated by the thaw-freeze front module are presented in
soil layers to regulate the moisture movement.

17. Hydraulic conductivity: estimates drainage factors in soil layers
and groundwater layer based on Darcy’s law for unsaturated
hydraulic conductivity (Fang et al., 2013; Pomeroy et al., 2016).

18. Routing: uses the Muskingum method (Chow, 1964) to route
runoff between HRUs and the Clark’s lag and route algorithm
(Clark, 1945) for subsurface interflow and groundwater flow.

In WGC, six HRUs were used to discretize the basin based on the land
cover types: open water and channel, HJP, OJP, ASP, OBS, and Fen
shown in Fig. 1 and Table 2. Meteorological forcing data for the HRUs
were estimated by lapse rates derived from the observations at the OJP
and OBS sites. The simulation was conducted for 19 years starting from
1998 to 2016. The Boreal Hydrological Model performance for the
simulations of runoff, snow water equivalent (SWE), soil liquid water
content (VWC) and evapotranspiration were examined by four statistical
metrics: Nash-Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970),
logarithmic NSE (logNSE), model bias (MB), and normalized root mean
square error (NRMSE).

X, — X,)*
NSE = 1772( o= X)

Z (Xn - 7{7)2 (1)
logNSE — 1 — 2= 108 (X,)—log(X,))* o
> (log(X,) — log(X,))’
B = %jﬁ( ! ©)
1 X, — X, 2
NRMSE — % @

where X;, X, and X, are the simulated, observed and mean of the
observed hydrological variables, respectively, and n is number of
samples.

3.2. Model parameter estimation

GIS analyses of basin characteristics were conducted to derive basin
physiographic, terrain visibility, and routing parameters for the HRUs in
WGC basin. Parameter estimation for the key hydrological processes in
the Boreal Hydrology Model of WGC basin is as follows.

Blowing snow parameters: vegetation heights were estimated from
site observations; values of 7.6 m, 11 m, 8 m, 13 m, and 0.1 m were set
for the HJP, OJP, ASP, OBS, Fen HRUs, respectively. For the blowing
snow fetch distance, 300 m (minimum value) was used for all HRUs in
the basin due to the short undisrupted upwind distance in the forest
environment. This parameterisation effectively restricted blowing snow

Table 2
Canopy parameters for HRUs in White Gull Creek basin.
HRU name Open Harvested old Aspen  Old Fen
water jack pine jack black
(HJP) pine spruce
(0JP) (OBS)
Area (km?) 16.4 33.4 67.2 137.3 254.1 94.2
Elevation (m) 520 536.5 557.3 563.6 568.6 570.1
LAI 0.1 1.5 2.4 0.5 3.6 0.1
Vegetation 0.001 7.6 11 8 13 0.1
height (m)
Snow 0 3.3 6 0.5 5.9 0
interception
capacity
(kg/m?)
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to the Fen HRU.

Canopy parameters: effective leaf area index (LAI) in winter for
forest types were estimated as the mean values from the measurements
in Chen et al. (1997) and Barr et al. (2012). Mean winter effective LAI
values of 1.5, 2.4, 0.5, and 3.6 were assigned for the HJP, OJP, ASP, and
OBS HRUs, respectively. A winter effective LAI of 0.1 was set for the
open water and Fen HRUs given their low plant canopy coverage. The
canopy snow interception capacity values were set based on similar
forest types in studies of Schmidt and Gluns (1991), Hedstrom and
Pomeroy (1998), and Pomeroy et al. (2002). Small values were set for
the deciduous forest HRU as it does not have a high capacity to intercept
and hold snow (Pomeroy and Gray, 1995). Therefore, a small canopy
snow interception capacity of 0.5 kg/m? was assigned for the ASP HRU;
higher values of 6.0 kg/m? and 5.9 kg/m? were set for OJP and OBS
HRUs, respectively, while a lower value of 3.3 kg/m? was selected for
the regenerated forest (i.e. HJP HRU) based on the process studies of
Pomeroy and Granger (1997).

Soil moisture parameters: The model started on 1 October 1996, and
value of 1.0 was set for initial soil saturation parameter, assuming the
fall soil moisture is saturated after the rainy summer. The soil saturation
was then updated based on soil moisture storage value every fall in the
following hydrological years. Saturated hydraulic conductivities and
pore size distributions for various soil layers were initialized based on
the soil textures in WGC basin, and then slightly adjusted using trial and
error based on the NSE and logNSE values of the streamflow simulation
in the calibration period. The water storage capacities of soil layers were
determined by multiplying soil layer depth by soil porosity. For the soil
depth and porosity, averaged values for HRUs were estimated from the
predominant soil texture in the basin (Agriculture and Agri-Food Can-
ada, 2015). Groundwater storage capacity was relatively unknown, and
so a maximum value of 200 mm was set for all HRUs. For surface
depression storage capacities, values of 0.15-0.55 mm were set for all
HRUs. The detention storage and runoff drainage factor which controls
the rate of drainage from the organic layer were manually calibrated
using trial and error based on the NSE and logNSE values of streamflow
simulation in the calibration period of 1998-2007.

Routing parameters: the routing distribution parameter described by
Fang et al. (2010) was used to model routing sequence between the six
HRUs. The routing sequence generally follows the channel flow order
from the upstream to the downstream part of the basin. Routing length
of the main channel in each HRU was estimated from the terrain pre-
processing GIS analysis. Manning’s equation was used to calculate the
average streamflow velocity based on longitudinal channel slope,
Manning’s roughness coefficient and hydraulic radius (Chow, 1964).
The longitudinal channel slope was estimated as the Tangent of the
average slope of the HRU. Manning’s roughness coefficient was set to
0.016, considering the rather natural river channel in the basin. The
hydraulic radius was assumed as 0.25 m for all HRUs. A value of 0.25
was assigned for the dimensionless weighting factor that controls the
level of attenuation.

3.3. Perturbed precipitation and temperature inputs

Hourly observations of P and T in the period from 1 January 1998 to
31 December 2016 were used as reference climate inputs for the per-
turbed simulation. Linearly perturbed P and T time series were used to
represent the possible ranges of climate until the end of the 21st century
in the study basin.

Perturbed T inputs were set up by adding one-degree increments to
the reference observed hourly air T, up to 6 °C, as the maximum T in-
crease in the study area is projected to about 6 °C until 2100 according to
ECCC (2016) and the Canada’s Changing Climate Report by Zhang et al.
(2019). Perturbed P inputs were generated by multiplying the reference
observed hourly P from 70% to 130%, because the maximum P change
range in the study area is around +30% until 2100 according to ECCC
(2016) and the Canada’s Changing Climate Report by Zhang et al.
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(2019). Seasonality of P and T in the perturbed input time series were
kept the same as that in the reference observations, as P and T in
different months were perturbed by the same ranges. Relative humidity
and wind speed were held same as those in the reference period. To focus
on the hydrological sensitivity to climate perturbations, the forest
disturbance caused by wildfire and human activity and changes in the
soil properties such as reduced soil moisture storage from soil compac-
tion during harvesting were not considered. Perturbed P and T inputs are
summarized in Table 3. In total, six simulations of the perturbed T and
six simulations of the perturbed P were conducted. Compensation be-
tween the effects of P and T perturbations on basin hydrology were
investigated by combining each of the seven P simulations (six per-
turbed P and a reference P) with seven T simulations (six perturbed T
and a reference T).

3.4. Quantifying the sensitivities of hydrological processes to perturbed
climate inputs

The sensitivities of hydrological processes in the WGC basin were
examined by changes in the selected magnitude and timing indices of
water balance components or hydrological fluxes. Selected magnitude
indices are annual runoff, seasonal runoff, annual peak runoff, annual
peak SWE, annual snow sublimation, annual runoff coefficient, annual
rainfall ratio, and annual evapotranspiration (ET); runoff components
include groundwater flow, subsurface interflow from soil water, and
snowmelt and rainfall overland flow. The investigated timing indices
include timing of annual peak runoff, centre of mass timing (CMT) of
annual runoff, timing of annual peak SWE, and duration of the snow-
covered period. Sensitivities of magnitude indices (rm) were quanti-
fied in Eq. (5), in which m; refers to the magnitude index produced by
the perturbed climate inputs and m, refers to the magnitude index forced
by the reference climate inputs. Sensitivities of timing indices (rt) were
estimated by differencing as in Eq.6. Similarly, t; refers to the timing
index produced by the perturbed climate inputs and t, refers to the
timing index forced by the reference climate inputs.

m =" """ 100% )
m,

t=t,—1, (6)

Table 3

Description of perturbed climate inputs in the White Gull Creek.

Description Precipitation

input

Temperature input

Reference precipitation and Reference P Reference T
temperature

Precipitation reduces by 30%

Precipitation reduces by 20%

Precipitation reduces by 10%

Precipitation increases by 10%

70% of reference P
80% of reference P
90% of reference P
110% of reference

Reference T
Reference T
Reference T
Reference T

P

Precipitation increases by 20% 120% of reference  Reference T
P

Precipitation increases by 30% 130% of reference  Reference T
P

Temperature rises by 1 °C Reference P 1 °C higher than
reference T
2 °C higher than
reference T
3 °C higher than
reference T
4 °C higher than
reference T
5 °C higher than
reference T
6 °C higher than

reference T

Temperature rises by 2 °C Reference P

Temperature rises by 3 °C Reference P
Temperature rises by 4 °C Reference P
Temperature rises by 5 °C Reference P

Temperature rises by 6 °C Reference P
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4. Results
4.1. Model evaluation

Simulated SWE in the OJP and OBS HRUs were compared to site
observations in Fig. 3. No calibration was performed for parameters that
affect the forest and snow processes simulations. Over the entire study
period (Fig. 3a-b), MB values were 0.1 and —0.15, and NRMSE values
were 0.43 and 0.48 for simulated SWE at the OJP and OBS sites,
respectively. These small MB and NRMSE values suggest that the model
can adequately simulate snow accumulation and melt processes for
mature jack pine and black spruce forests compared to the observations.
The model generally captured the seasonal evolution of SWE in most
years but had a large overestimation in two hydrological years:
2003-2004 and 2013-2014. While in the 2015-2016 hydrological year,
the model underestimated the observed SWE. The relatively poor per-
formance in these hydrological years is likely caused by the lack of ac-
curate winter P measurements at both sites (similarly to Davison et al.,
2016).

The model slightly overestimated annual ET at the OJP and OBS sites
compared to the eddy correlation flux tower observations in the entire
study period (Fig. 4). No calibration was done for parameters in the
evapotranspiration simulation. MB value for simulated annual ET at OJP
was 0.11, while MB for simulated annual ET at OBS was only 0.03. This
suggests that the overestimation is within 11% at both sites, and the
model could adequately obtain the annual ET flux value for most years
except for 2004-2006 and 2013-2014 when model estimated large
differences in annual ET compared to observations at the two forest
sites.

Modelled soil volumetric water content (VWC) in the OJP and OBS
HRUs were compared with observations in Fig. 5. No calibration was
performed for parameters to fit the soil moisture observation, and
comparisons were only conducted for unfrozen months (1 May to 30
September). For observed VWC, the weighted average of soil VWC of the
layers of 0-15 cm and 15-30 cm was used to represent the VWC for the
upper layer (0-28 cm), and the weighted average of layers of 15-30 cm
and 30-60 cm was used as VWC of the lower layer (28-45 cm). For both
modelled and observed soil VWC, values at the OJP site were lower than
those at the OBS site, as soil type is mainly loam sand at the OJP site and
typically clay at the OBS site. At the OJP site (Fig. 5a-b), the model
generally overestimated VWC, with MB values ranging from 0.11 for
lower layer to 0.12 for upper layer. NRMSE values were no higher than
0.3, indicating reasonable model performance for seasonal soil moisture
estimation at this site. At the OBS site (Fig. 5c-d), the model under-
estimated VWC of the upper layer with MB values of —0.13; for the lower
layer, the model overestimated by 2% (i.e. MB = 0.02). The NRMSE
values were within 0.26 in both soil layers, suggesting model adequately
captured the seasonal fluctuations of soil moisture at the OBS site.

Fig. 6 shows the comparisons of simulated and observed daily mean
streamflow in WGC basin in two periods, one for a parameter calibration
period (1998-2007) and one for a validation period (2008-2016).
Observed streamflow in the year of 2011 was discarded for the evalu-
ation, considering the measurement errors noted in this year (Davison
et al., 2016). The model achieved 1ogNSE values of 0.8 and 0.74 in
calibration and validation periods, respectively, indicating that model
could simulate the low flows well in winter months. NSE values were
0.63 and 0.6 in the calibration and validation periods, respectively,
suggesting that model’s capability to predict high flows in spring and
summer months was adequate but not as good as that for winter low
flows. MB values show that the model captured streamflow volume well
in the WGC basin, with 4% overestimation and 12% underestimation in
the calibration and validation periods, respectively. Considering the
sparse observations of meteorological data, uncertainty in streamflow
estimates, and the complex land cover condition in the basin, the model
generally obtains reasonable streamflow simulations and is comparable
to results from the MESH hydrological land surface model previously
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Fig. 4. Comparisons of simulated and observed cumulative ET at the OJP and OBS sites in the modeling period of 1998-2016. The cumulative ET was calculated for a

water year from January 1% to December 31°.

applied to this basin in Davison et al. (2016).

4.2. Sensitivities of hydrological variables to perturbed P and T

Sensitivities of the selected magnitude and timing indices of hydro-
logical variables to perturbed P and T are compared in Fig. 7 and
Table 4. Annual runoff and maximum daily runoff responded directly to
changing P and inversely with warming T, however sensitivities varied
markedly (Fig. 7a). For a decrease in P of 30% from the current climate,
the annual runoff and maximum runoff decreased by 61% and 52%,
respectively, whereas they rose by 93% and 108% as the P increased by
30% (Table 4). With 6 °C of warming, the annual runoff and maximum
runoff declined by 23% and 35%, respectively (Fig. 7a). The centre of
mass timing (CMT) of annual runoff varied directly with changing pre-
cipitation (Fig. 7b), in which it advanced by 17, 9, and 4 days in response
to decreases in P of 30%, 20%, and 10%, respectively, and recessed by 4,

8, and 10 days when P increased by 10%, 20%, and 30%, respectively
(Table 4). It responded to warming T in a near linear but inverse manner
(Fig. 7b) and advanced by 19 days for 6 °C of warming. However, the
timing of maximum runoff responded non-linearly to P and T pertur-
bations (Fig. 7b). There was little sensitivity of the maximum runoff
timing to perturbed P except for increases in P of 20%-30% for which the
maximum runoff timing recessed sharply by up to 32 days (Table 4).
This suggests threshold behaviour in runoff timing in the basin. The
annual maximum runoff occurred earlier with warming T but with
substantial variability, where 5 °C of warming resulted in an advance of
22 days, but 6 °C of warming advanced the maximum runoff timing by
only 14 days.

The volume of annual peak SWE varied almost linearly with P
(Fig. 7c), declining by 36%, 24%, and 12% as P declined by 30%, 20%,
and 10%, and increasing by 12%, 24%, and 37% as P increased by 10%,
20%, and 30% (Table 4). Peak SWE declined by 13% as T increased by
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1 °C and by 61% for an increase of 6 °C above reference levels (Fig. 7c,
Table 4). Annual ET was insensitive to perturbed P, increasing very
slightly, by 3%, for a P increase of 30% and declining by only 8% for a P
decrease of 30%. In contrast, ET was very sensitive to warming with a

42% increase for 6 °C of warming (Fig. 7c and Table 4). The timing of
annual peak SWE and the snow-cover duration also responded more
strongly to perturbed T than to perturbed P (Fig. 7d). When P increased
by 30%, the date of annual peak SWE recessed by 4 days and the snow-
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cover duration increased by 4 days; whilst the date of annual peak SWE
advanced by 9 days and the snow-cover duration shortened by 9 days for
just 1 °C of warming. Remarkably, 6 °C of warming resulted in a 36-day
advance in the timing of peak SWE and a 62-day decline in snow-cover
duration (Table 4).

Fig. 7e compares the sensitivities of annual snow sublimation, runoff
coefficient and rainfall ratio to the perturbed P and T. Annual snow
sublimation increased by 15% as the annual P rose by 30%, whilst it
decreased by around 18% with a P reduction of 30%. The impact of
warming T on annual snow sublimation is very high; a 7% reduction in
snow sublimation was caused by 1 °C of warming and a 36% decrease

corresponded to 6 °C of warming. The runoff coefficient was enhanced
near linearly with increases in P at an average rate of 16% per 10%
increase in P; whilst reductions in the runoff coefficient were at an
average rate of 4.7% per 1 °C of warming due to the enhanced annual ET
(Fig. 7c). Rainfall ratio was insensitive to perturbed P but increased at an
average rate of 3% per 1 °C of warming.

4.3. Changes of streamflow regime in response to P and T perturbations

The simulated monthly runoff forced by reference P in 1998-2016,
and 30% increase and decrease in P are compared to illustrate the intra-
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Sensitivities of hydrological variables to perturbed precipitation (P) and air temperature (T). Mean changing rate was calculated by dividing the largest variables

changes with the largest perturbations of P (3*+10%) and T (+6 °C).

P inputs 70% P 80% P 90% P Refer. P 110% P 120% P 130% P Mean changing rate
Annual runoff —61% —44% —24% 0% 29% 60% 93% +31%/+10%P; —20%/-10%P
Annual maximum runoff —52% —30% —-16% 0% 34% 68% 108% +36%/+10%P; —17%/-10%P
Peak SWE —36% —24% -12% 0% 12% 24% 37% +12%/+10%P; —12%/-10%P
Annual ET —8% —4% —2% 0% 1% 2% 3% +1%/+10%P; —3%/-10%P
Annual snow sublimation —18% —-12% —6% 0% 5% 10% 15% +5%/+10%P; —6%/-10%P
Runoff coefficient (R/P) —46% -31% —16% 0% 17% 32% 47% +16%/+10%P; —15%/-10%P
Maximum runoff timing (day) 3 -2 1 0 1 16 32 +11 day/+10%P; +1day/-10%P
Centre of mass timing (CMT, day) -17 -9 -4 0 4 8 10 +3day/+10%P; —6day/-10%P
Peak SWE timing (day) -8 -6 -3 0 1 2 4 +1day/+10%P; —3day/-10%P
snow-cover duration (day) -5 -3 -2 0 1 3 4 +1day/+10%P; —2day/-10%P
T inputs Refer. T T+1°C T+2°C T+3°C T +4°C T +5°C T +6 °C Mean changing rate
Annual runoff 0% —6% -11% —14% —17%% -19% -23% —3.8%/+1 °C
Annual maximum runoff 0% —4% —15% —21% —24% —28% —35% —5.8%/+1 °C
Peak SWE 0% —13% —25% —36% —45% —54% —61% —10%/+1 °C
Annual ET 0% 7% 15% 23% 31% 38% 42% +7%/+1 °C
Annual snow sublimation 0% —7% —13% —20% —26% —31% —36% —6%/+1 °C
Runoff coefficient (R/P) 0% —8% —13% —18% —22% —25% —28% —4.7%/+1 °C
Rain ratio (Rain/P) 0% 4% 8% 11% 13% 16% 18% +3%/+1 °C
Maximum runoff timing (day) 0 -9 -8 —14 -15 -22 —14 —2.3 day/+1°C
Centre of mass timing (CMT, day) 0 -2 -5 -9 -12 -16 -19 —3.2day/+1°C
Peak SWE timing (day) 0 -9 -14 -21 -27 -29 -36 —6day/+1 °C
snow-cover duration (day) 0 -9 —-20 -31 —41 —52 —62 —10 day/+1 °C

annual variability of basin runoff for varied levels of P input (Fig. 8a).
Lower P resulted in a smaller runoff volume that is distributed more
evenly over the seasons in contrast to increasing P that leads to sub-
stantially larger runoff volumes being generated in warm months (May
to September) and much greater runoff for low frequency events on the
flow duration curve (FDC) calculated over the entire simulation period
(Fig. 8c). The simulated monthly runoff from the reference T, and
warming of 1 °C and 6 °C are compared in Fig. 8b. Increasing T resulted
in a more even distribution of monthly runoff; with T increasing by 6 °C,
the runoff in April to September was reduced, leading to reduced runoff
for low frequency events as evident by changes to the FDC (Fig. 8d). The
variations of monthly runoff in the boxplots (Fig. 8a and 8b) were
estimated from the monthly runoff in each year of the entire study
period, indicating the inter-annual variability of monthly runoff during
the simulation period. Increasing P enhanced the inter-annual vari-
ability of runoff, especially for the warm months, whilst raising T
reduced the inter-annual variability of runoff in the warm months but
increased the inter-annual variability of runoff in the cold months. The
higher variability of runoff in the cold months with warming T is due to
increasing mid-winter melt events and likely complex interactions with
frozen soils and basal ice layers, and the lower variability of runoff in
warm months with warming T is result of lower antecedent soil moisture
impact on rainfall-runoff generation. The inter-annual variability of
simulated daily hydrographs from the above perturbed P and T are
illustrated in Fig. 8e-f. Again, the inter-annual variability of daily runoff
in warm months increased with P but decreased with T.

Sensitivities of seasonal runoff and runoff components to P and T
perturbations in WGC basin are shown in Fig. 9 and Table 5. The sea-
sonal runoff generally increased with P (Fig. 9a), but the relative con-
tributions of spring (MAM, March to May) and winter (DJF, December to
February) runoff to annual volumes declined as P increased (Fig. 9c).
When P increased from 70% to 130% of the reference observation, the
winter and spring runoff increased by 4 mm and 45 mm (Table 5), whilst
their contributions to the annual runoff volume decreased by 9% and
5%, respectively (Fig. 9c). For the same P increase, autumn (SON,
September to November) runoff increased by about 40 mm, with little
change in its contribution to the annual runoff; summer (JJA, June to
August) runoff rose by about 91 mm, with its contribution to annual
runoff increasing by 14% (Fig. 9c), partly because of the enhanced
rainfall storms in summer. In contrast, seasonal runoff volumes gener-
ally decreased with rising T, except for winter runoff (Fig. 9b). The
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fractional contribution of summer runoff decreased by 11% as T rose by
6 °C (Fig. 9d). Such T rise promoted increasing fractions of runoff gen-
eration in cold seasons, resulting in 5.7% and 4.6% higher contributions
for autumn and winter runoff, respectively, but little change in the
fractional contributions from spring runoff.

Sensitivities of the major runoff components: deep groundwater
flow, subsurface interflow from soil water, snowmelt overland flow and
rainfall overland flow to the P and T perturbations are shown in Fig. 9a-b
and e-f. Both P and T increases led to a higher contribution of subsurface
interflow to total runoff and little change in the contribution of rainfall
overland flow to total runoff (Fig. 9e-f). Groundwater flow generally
increased with higher P and rose by about 70 mm when P increased from
70% to 130% of the reference observations (Table 5), but its contribu-
tion to total runoff diminished because there was much higher increase
of 179 mm in total runoff, dominated by an increase in subsurface
interflow. While groundwater flow decreased with warming T, its frac-
tional contribution to total runoff remained unchanged (Fig. 9f).
Snowmelt overland flow increased with higher P and declined with
warmer T (Table 5), yet its fractional contribution to total runoff
decreased when either P or T increased (Fig. 9e-f). Overall, the contri-
butions of runoff components tended to show higher sensitivities to P
perturbation than to T perturbation.

4.4. Compensatory effects of P and T perturbations

As shown in Fig. 7, increasing P resulted in higher annual runoff,
while warming T reduced the generation of runoff. The compensatory
effects of P and T perturbations on hydrological processes were therefore
explored. Fig. 10 shows strong sensitivities of annual runoff to changing
precipitation, snow-covered duration to T, and peak SWE date, CMT of
annual runoff, runoff coefficient and snow sublimation to both T and P.
Reduction of annual runoff caused by 1 °C of warming could be
compensated for by the runoff increase from a 1.7% increase in P
(Fig. 10a), and the advance of the annual runoff CMT caused by 1 °C of
warming could be compensated for by a 7% P increase (Fig. 10b). The
reduction of annual runoff caused by 6 °C of warming could be
compensated for by runoff increase generated by a 10% increase in
precipitation. However, the maximum increase in P considered (+30%)
could only compensate for the advance in CMT of annual runoff caused
by 3.8 °C of warming. The reduced magnitude of runoff coefficient
caused by 1 °C of warming could be compensated for when a 4.5%
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Fig. 8. Sensitivities of the intra- and inter-annual variabilities of runoff to perturbed precipitation and temperature in the simulation period of 1998-2016. (a)-(b)

monthly runoff, (c)-(d) flow duration curve (FDC), and (e)-(f) daily runoff.

increase in P occurred (Fig. 10c). A 19% increase in P could completely
compensate for the reduction of runoff coefficient caused by the highest
warming of 6 °C. Decreases in peak SWE and annual snow sublimation
caused by 1 °C of warming could be compensated for by 13% and 15%
increases in P, respectively (Fig. 10d and f), but the maximum increase
of P (+30%) could only compensate for the reductions in peak SWE and
snow sublimation caused by 2.2 °C and 2 of °C warming, respectively.
Decrease in snow-cover duration caused by 1°C of warming could not be
compensated for (Fig. 10e), even by the upper bound of 30% increase in
precipitation.

Fig. 11a-d show that subsurface interflow and rainfall overland flow
are most sensitive to P, whilst groundwater flow and snowmelt overland
flow are sensitive to both P and T. Compensatory behaviour by P and T
in controlling the sensitivities of runoff components follows those re-
lationships. Reduction of groundwater from 1 °C of warming could be
compensated for by a 3% P increase, while decreased subsurface inter-
flow and snowmelt overland flow caused by 1 °C of warming were offset
by 1% and 7% P increases, respectively. Reduction of groundwater and
subsurface interflow caused by the maximum warming of 6 °C could be
offset by 18% and 5% P increases, respectively. However, the maximum
increase in P (+30%) could only compensate for reduction of snowmelt
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overland flow caused by around 4 °C of warming and there was no
consistent compensatory behaviour by P and T for the sensitivity of
rainfall overland flow (Fig. 11d).

Fig. 11e-h shows that spring and autumn runoff are strongly affected
by increases in P and less affected by rises in T, whilst winter runoff is
more sensitive to warming T for the higher P (i.e. 110% to 130% P
perturbations). The reduction of spring runoff caused by 1 °C of
warming could be compensated for by a 4% P increase, whilst decreased
summer runoff and autumn runoff caused by 1 °C of warming were offset
by 3% and 0.7% increases in P, respectively. The reductions of runoff in
spring, summer, and autumn caused by the maximum T warming (+6
°C) could be compensated for by P increases of about 16%, 18% and 4%,
respectively. Increasing P and rising T both tended to result in higher
winter runoff, and thus the maximum warming of + 6 °C could offset the
loss in winter runoff caused by a 12% decrease in P.
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5. Discussion

5.1. Variable sensitivities of runoff and snow processes to P and T
perturbations

In White Gull Creek (WGC) basin, the non-linear sensitivity of hy-
drological variables to perturbed P could be partly attributed to the
complex effects of soil storage. In particular, P had primary control on
the water availability and its variation affected the runoff generation in
WGC (Davison et al., 2016). Under low P input conditions, P mainly
supported infiltration into soils to fill the soil and groundwater storages
and was exhausted by ET loss back to atmosphere, leading to lower
runoff. In contrast, higher P more likely saturated the soil and
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groundwater storages and promoted greater runoff generation. As a
result, the annual runoff and peak runoff showed larger sensitivity to the
changes of P under high P input conditions (Table 4 and Fig. 7a). Sub-
surface interflow and groundwater flow were more sensitive to per-
turbed P compared to rainfall and snowmelt overland flows (Fig. 9a and
Table 5), as P primarily infiltrated into the porous forest soils in WGC.
On the other hand, the basin peak SWE showed linear sensitivity to
perturbed P, as soil storage has no effect on the snow accumulation. The
sensitivities of runoff and snow processes to P perturbation are generally
consistent with those findings in other cold regions (such as Lopez-
Moreno et al., 2012; Rasouli et al., 2014).

The non-linear sensitivities of runoff processes to perturbed T can be
partly explained by the effects of warming on ET, snow cover
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Table 5
Amounts (mm) for seasonal runoff and runoff components simulated by multiple combinations of precipitation and temperature inputs.

Using Refer. T 70% P 80% P 90% P Refer. P 110% P 120% P 130% P
Spring runoff (MAM) 12 18 23 30 38 46 57
Summer runoff (JJA) 16 25 37 51 69 89 107
Autumn runoff (SON) 11 17 23 29 36 43 51

Winter runoff (DJF) 4 5 6 6 7 8 8
Total annual runoff 44 65 88 117 150 185 223
Rain overland flow 0.2 0.4 0.7 1.1 1.7 2.5 3.4
Snowmelt overland flow 8. 11 15 19 24 29 35
Subsurface interflow 10 18 28 40 55 71 89
Groundwater flow 25 35 45 57 70 82 95
Total annual runoff 44 65 88 117 150 185 223

Using Refer. P Refer. T +1°C +2°C +3°C +4°C +5°C +6 °C
Spring runoff (MAM) 30 27 25 24 23 23 22
Summer runoff (JJA) 51 46 43 39 35 32 29
Autumn runoff (SON) 29 28 27 26 25 24 24

Winter runoff (DJF) 6 6 6 6 7 7 8
Total annual runoff 117 107 100 95 90 86 83
Rain overland flow 1.1 1.0 1.0 1.0 1.0 1.0 1.0
Snowmelt overland flow 19 16 14 13 11 10 10
Subsurface interflow 40 38 36 35 35 34 34
Groundwater flow 57 53 49 46 43 41 38
Total annual runoff 117 107 100 95 90 86 83
o Change of annual runoff (%) o Change of CMT (day) .. Change of runoff coefficient (%)
) e o] °C 3 ()
8 3 ¥ L 3 ¥ §
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Fig. 10. Sensitivities of annual runoff, centre of mass timing (CMT), runoff coefficient, peak SWE, snow-cover duration, and annual snow sublimation to combined
perturbations of P and T. Note that compensation contour indicates the effect caused by warming temperature was compensated for by the increased precipitation

and is labeled with value 0.

disappearance and the thawing of frozen soil. In particular, warming
leads to higher ET and increases the infiltration capacity of frozen soil in
this basin (Ireson et al., 2015). For fixed P input, the increased ET due to
warming has an important control on the annual volume of runoff from
WGC (Nijssen and Lettenmaier, 2002). The complicated ET increases in
response to warming shown in Fig. 7c are results of complex processes in
soil moisture, transpiration season and rainfall interception that both
affect annual ET losses, and this non-linear sensitivity of ET to perturbed
T is consistent with the findings in boreal forest by Brown et al. (2014).
On the other hand, warming T accelerates the thawing of frozen soil
(Endalamaw et al., 2017) and promotes the contribution of subsurface
interflow to the total runoff. In addition, the psychrometric energy
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balance method used for P phase partitioning (Harder and Pomeroy,
2013) and complex snow processes such as sublimation and interception
in boreal forest (Hedstrom and Pomeroy, 1998) as well as energy-
balance based snowmelt estimation (Marks et al., 1998) are sensitive
to T and could be reasons for the non-linear response of peak SWE to T
perturbation. These non-linear effects of warming on hydrological and
snow processes in WGC are generally similar to the findings demon-
strated by Woo et al. (2008) and Holmberg et al. (2014) in other boreal
forests.
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Fig. 11. Sensitivities of runoff components and seasonal runoff to combined perturbations of P and T, noting compensatory effects of precipitation and temperature

changes are labeled with value 0 on contour.
5.2. Limitations

The effects of climate on forest canopy, such as the increasing
wildfire occurrence and intensity, as well as the gradual reduction in
canopy LAI and snow interception capacity caused by T warming and
drought (Boulanger et al., 2016) were not considered. The disturbance
of forest by potential wildfire or disease and the regrowth of harvested
forest as well as the change of soil properties in the basin were also not
considered in this study when investigating the sensitivities of hydro-
logical processes to P and T perturbations. This investigation procedure
is similar to the hydrological sensitivity analysis to perturbed climate by
Rasouli et al. (2014) and Rasouli et al. (2015).

This study focuses on the sensitivity of hydrological processes to
perturbed P and T, instead of projection of future hydrology using an
ensemble forcing data from Earth System Models (ESMs). The linear
perturbations of precipitation and temperature are not climate change
scenarios projected by ESMs, but rather provide a range of potential
future changes. This climate perturbation method was used because of
its special function on investigating what combinations of precipitation
and temperature changes can induce significant hydrological changes in
the boreal forest basin (Rasouli et al., 2014) and what the roles of
particular P or T perturbations are in shaping the responses of specific
hydrological processes. This simple method avoided the heavy compu-
tational cost of dynamically downscaling climate models to the size of
the study basin (~600 km?), and provided climate inputs with reason-
able spatial and temporal patterns with observed extremes such as dry,
cold, warm and storm (Rasouli et al., 2019). This sensitivity analysis
serves as an early step to understand the shifts of boreal forest hydrology
under a wide range of P and T perturbations. One limitation of the lin-
early perturbed P and T inputs falls in that the seasonal patterns of P and
T in the perturbed scenarios are kept same as that in the reference ob-
servations. More extensive analysis to include the changes in seasonal P
and T, as well as the changes in rain and snow characteristics such as
intensity and frequency could be helpful to provide more informative
sensitivity estimation of hydrological process in the basin (Rasouli et al.,
2014). Despite that, the current simple method has informed the
vulnerability of boreal forest hydrology to the changes in P and T and
quantitatively revealed that the impacts of warming on hydrological
processes depend strongly on P changes.

Uncertainty in the hydrological modelling forms another limitation.
The selection of model parameter values has large effects on the
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estimated sensitivities of hydrological processes to climate perturba-
tions. In this study, snow process, soil and canopy parameter values were
estimated based on field measurements and knowledge gained from
fieldwork. Previous applications of CRHM-created models in the cold
regions of Canada indicate that setting these parameters based on un-
derstandings of the study basins from field research (Ellis et al., 2010,
Fang et al., 2013), and calibrating a small group of parameters such as
soil hydraulic and storage by observed streamflow (Krogh et al., 2017)
had the potential to identify plausible values for the model parameters.
Uncertainty of the model structure, such as the insufficient representa-
tion for the poorly drained wetlands, could lead to the underestimations
of peak flow in summer (Davison et al., 2016). To improve the repre-
sentation for wetlands, an alternative is to refine the HRUs in the model.
However, complex routing sequences among HRUs when including
more wetland HRUs can potentially pose additional uncertainty for
hydrological modelling in WGC.

6. Conclusions

This study investigated the sensitivities of runoff and snow processes
to perturbed climate in a well instrumented boreal forest basin White
Gull Creek (WGC) in Western Canada. A Boreal Hydrology Model of the
key hydrological processes and basin streamflow response was set up
using the CRHM platform and was parameterised primarily from
knowledge of the basin with minor calibration using streamflow simu-
lations for parameters describing drainage of the soil organic layer. The
model was verified against measurements of snow accumulation, soil
moisture and streamflow, and eddy correlation flux tower observations
of evapotranspiration (ET), and was found to represent the hydrological
cycle of the boreal forest reasonably well. Sensitivities of modelled hy-
drological processes to perturbed climate were quantified using per-
turbations of observed time series of precipitation (P) and air
temperature (T). The major findings are:

(1) The basin hydrological variables presented variable sensitivities
to perturbations of P and T. Annual runoff volume and maximum daily
streamflow increased rapidly with rising P at rates of around +31% and
+36% per 10% increase in P, and declined with reduced P at lower rates
of around —20% and —17% per 10% decrease in P. Annual runoff and
maximum streamflow declined by around 4% and 6% respectively per 1
°C of warming. Annual ET increased by 7% per 1 °C of warming, a much
stronger sensitivity than the 1% increase per 10% increase in P. ET
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changes with T controlled the streamflow volume sensitivity to T. The
onset of spring snowmelt advanced by 6 days per +1 °C warming and the
snow-cover duration declined by 10 days per +1 °C warming; both
showed stronger sensitivities to warming than to perturbed P. Change of
centre of mass timing (CMT) of annual runoff per +1 °C warming was
close (but inverse) to that per 10% increase in P. Runoff coefficient (RC)
was more sensitive to perturbed P(+16% per 10% increase in P and
—15% per 10% decrease in P) than to perturbed T (—4.7% per 1 °C of
warming).

(2) Perturbations of P and T impacted the streamflow regime in very
different ways. Increasing P enhanced the intra-annual variability of
basin runoff by generating substantially larger runoff volumes in the
warm months (May to September) and much greater peak streamflow,
whilst warming T resulted in more even distribution of monthly runoff
by reducing the fractional runoff volume in April to September and the
magnitudes of peak streamflow. Meanwhile, increasing P enhanced the
inter-annual variability of basin runoff in the warm months, whilst rising
T reduced the inter-annual variability of runoff in the warm months but
increased the inter-annual variability of runoff in the cold months. On
the other hand, increasing P reduced the relative contributions of spring
and winter runoff to the annual runoff but enhanced the fractional
contribution of summer runoff. In contrast, rising T reduced the frac-
tional contribution of summer runoff but increased fractions of runoff
generation in the autumn and winter seasons. Both P and T increases
promoted a higher contribution of subsurface interflow to total runoff,
but the contributions of runoff components tended to show higher
sensitivities to perturbed P than to perturbed T.

(3) Effects of T warming on annual and seasonal runoff, runoff
components and basin snow accumulation could sometimes be
compensated for by the effects of increasing P. The annual runoff, runoff
components including subsurface interflow and rainfall overland flow,
and the seasonal runoff from autumn showed stronger sensitivities to
changing P than to warming. Thus, changes of these variables caused by
warming from 1 °C to 6 °C could be compensated for by the changes
forced by small increases of <10% in P. Variables such as runoff coef-
ficient, groundwater flow, and seasonal runoff from spring, summer, and
winter presented similar sensitivities to both changing P and T. Re-
ductions of these variables caused by the maximum warming of 6 °C
could be compensated for by the increases generated by 17%-20%
higher P. Other variables including the CMT of annual runoff and snow
variables such as peak SWE, snow-cover duration, annual snow subli-
mation, and snowmelt overland flow, were more sensitive to warming
than to perturbed P. The maximum increase in P (+30%) could only
compensate for the changes in these variables caused by warming of less
than 4 °C.
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