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1 | INTRODUCTION

Abstract

Extended severe dry and wet periods are frequently observed in the northern continental climate
of the Canadian Prairies. Prairie streamflow is mainly driven by spring snowmelt of the winter
snowpack, whilst summer rainfall is an important control on evapotranspiration and thus
seasonality affects the hydrological response to drought and wet periods in complex ways. A
field-tested physically based model was used to investigate the influences of climatic variability
on hydrological processes in this region. The model was set up to resolve agricultural fields
and to include key cold regions processes. It was parameterized from local and regional
measurements without calibration and run for the South Tobacco Creek basin in southern
Manitoba, Canada. The model was tested against snow depth and streamflow observations at
multiple scales and performed well enough to explore the impacts of wet and dry periods on
hydrological processes governing the basin scale hydrological response. Four hydro-climatic
patterns with distinctive climatic seasonality and runoff responses were identified from differing
combinations of wet/dry winter and summer seasons. Water balance analyses of these patterns
identified substantive multiyear subsurface soil moisture storage depletion during drought
(2001-2005) and recharge during a subsequent wet period (2009-2011). The fractional
percentage of heavy rainfall days was a useful metric to explain the contrasting runoff volumes
between dry and wet summers. Finally, a comparison of modeling approaches highlights the
importance of antecedent fall soil moisture, ice lens formation during the snowmelt period, and
peak snow water equivalent in simulating snowmelt runoff.
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major sources and restrict recycling of evapotranspiration (e.g., Bonsal
& Lawford, 1999; Bonsal, Wheaton, Meinert, & Siemens, 2011b; Liu,

The highly variable, cold, sub-humid, continental climate of the
Canadian Prairies leads to sequences of extremely dry and wet years
as a manifestation of the climate variability of this region (e.g., Bonsal
& Wheaton, 2005; Bonsal et al., 2011a; Bonsal, Aider, Gachon, & Lapp,
2013; Nkemdirim & Weber, 1999). The hydrological impacts of such
extreme climatic variation on society and the economy are manifold
as droughts restrict local water availability for farms, communities,
and industry; and the wet periods impair agricultural production and
can lead to extensive flooding (e.g., Brimelow et al., 2014). Droughts
are linked with atmospheric circulation over the Canadian Prairies.
Forexample, large-scale atmospheric features such as a quasi-stationary

mid-tropospheric ridge impede atmospheric moisture supply from the

Stewart, & Szetco, 2004; Raddatz, 2000; Shabbar, Bonsal, & Khandekar,
1997; Shabbar, Bonsal & Szeto, 2011). Canadian Prairie drought is com-
monly associated with warmer summers (Roberts, Stewart, & Lin,
2006), colder winters (Fang & Pomeroy, 2007; Stewart, Bonsal, Harder,
Henson, & Kochtubajda, 2014), higher near-surface energy in summer,
a smaller percentage of precipitation occurring under overcast condi-
tions, intense precipitation events, lower annual precipitation, and
sparse vegetation (Armstrong, Pomeroy, & Martz, 2015; Roberts
et al., 2006; Stewart, Henson, Carmichael, Hanesiak, & Szetco, 2011).
These extreme climate years exert strong controls on hydrological pro-
cesses such as snow accumulation, runoff, frozen soil infiltration, and
evapotranspiration (e.g., Pomeroy et al., 2011).
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Several studies have been conducted to understand the impacts
of drought and wet periods on prairie hydrological responses. The
1999-2005 drought resulted in a substantial reduction in spring
runoff as a consequence of reduced snow accumulation and
snowmelt (Fang & Pomeroy, 2007; Fang & Pomeroy, 2008; Pomeroy
et al., 2011), combined with significant depletion of soil moisture due
to the high evaporative loss (Armstrong, Pomeroy, & Martz, 2010; Arm-
strong et al., 2015; Brimelow & Hanesiak, 2011; Brimelow, Raddatz, &
Hayashi, 2010a; Brimelow, Hanesiak, & Raddatz, 2010b). This extended
drought event also caused marked declines in groundwater and surface
water storage and led to wetland drying within the prairie pothole
region (Marin, van der Kamp, Pietroniro, Davison, & Toth, 2010; Van
der Kamp & Hayashi, 2001). However, amid the 1999-2005 drought,
an extreme precipitation event in the summer of 2002 caused a major
flood and subsequent high streamflow in southern Manitoba (Stewart
et al., 2011).

In general, Canadian Prairie wet periods are associated with
flooding either due to spring snowmelt over frozen soils or multiple
days of heavy rainfall in summer (Brimelow et al., 2014; Govern-
ment of Manitoba, 2009; Government of Manitoba, 2012). The
Canadian Prairies have strongly fluctuating precipitation regimes,
resulting in sequences of drought and wet climatic conditions
(Brimelow et al., 2014). For example, during 2009 in southern
Manitoba, heavy snowmelt runoff resulted in devastating flooding
across the cities and towns of the Manitoba portion of the Red
River basin with $40 million estimated damage (Government of
Manitoba, 2009), whilst in the subsequent summer, a severe
drought developed. In contrast, heavy rainfall persisting over several
consecutive days caused severe and widespread flooding in 2005,
2010, 2011, and 2014 summers (e.g., Brimelow et al., 2014). Wet
soils and inundated fields during wet periods can lead to extensive
unseeded farmland area.

Comparing cold region hydrological processes during dry and wet
climatic periods requires coordinated winter and summer observations
over multi-year periods. Physically based models can be used to extrap-
olate limited field observations over broader spatiotemporal scales in
order to investigate the hydrological controls. In the Canadian Prairies,
overwinter wind redistribution of the seasonal snowpack, sublimation,
spring snowmelt energetics, infiltration into frozen soils, fill and spill
runoff formation, depressional storage dynamics, rainfall intensity, infil-
tration into unfrozen cultivated soils, evapotranspiration, subsurface
storage dynamics, variable contributing areas for runoff generation,
and intermittent streamflow typically control the land surface hydro-
logical cycle (Pomeroy et al., 2007). Numerical representations of this
cycle need to refer to the governing hydrological processes. The Cold
Regions Hydrological Modeling (CRHM) platform (Pomeroy et al.,
2007) is an object-oriented, multi-physics, modular modeling system
that allows creation of hydrological models that represent key cold
regions hydrological processes from a range of possible configura-
tions and algorithm choices. CRHM models have been widely used
and tested in various agricultural regions in Canada, as well as in
other cold regions such as the Canadian Rockies, Qinghai-Tibetan
Plateau, Patagonia, the Pyrenees, and the Alps (Ellis & Pomeroy,
2007; Ellis, Pomeroy, Brown, & MacDonald, 2010; Dornes,
Pomeroy, Pietroniro, Carey, & Quinton, 2008; Fang et al., 2013;

Lopez-Moreno, Pomeroy, Revuelto, & Vicente-Serrano, 2012;
Rasouli, Pomeroy, Janowicz, Carey, & Williams, 2014).

To date, detailed studies of the impacts of dry and wet periods on
hydrological processes have focused on responses in the semi-arid
prairies of Saskatchewan (e.g., Fang & Pomeroy, 2007; Fang &
Pomeroy, 2008; Fang et al., 2010), with limited work on the wetter
sub-humid prairie basins of southern Manitoba (Liu, Yang, Yu, Lung,
& Gharabaghi, 2015). The objective of this study is to investigate the
hydrological contrast between wet and dry periods in a sub-humid
agricultural basin and the controlling factors that define this contrast.
To do this, CRHM is used to build a model of cold region
agricultural hydrology processes, including a process structure, basin
consistent  with

discretization, and parameterization that is

hydrological process studies in the region and nearby.

2 | METHODS

21 |

The South Tobacco Creek (STC) basin (~73 km?) is located on the
western flank of the Red River basin (~49.33 N, 98.35 W ) in

southern Manitoba, Canada (Figure 1a). Its prairie agricultural

Study area

landscape is divided into uplands to the west of the Manitoba
escarpment and the Manitoba lowland to the east (Figure 1a). The
terrain gently slopes from west to east with low relief (~200 m)
and an average elevation of ~427 m (Figure 1b). An intensive set
of hydrometeorological observations and agricultural land surface
characteristics were collected from 1991 to 2011 and make the
basin attractive for detailed hydrological analysis (Liu, Elliott, Lobb,
Flaten, & Yarotski, 2014a; Liu et al., 2014b; Tiessen et al., 2010;
Tiessen et al, 2011). Spatial data characterizing the basin include
the following: a Light Detection and Ranging (LIDAR)-based digital
elevation model (DEM) at 5-m resolution (Figure 1b), a geographic
information system model characterizing each agricultural field by
crop type, seeding and harvest date, riparian forest and pasture
(Figure 1c), and a soil texture map. Riparian forests cover ~24% of
the basin, primarily around channels in the upland part of the basin,
with crops covering most of the (~76%) upland and lowland areas.
Wheat and canola are often rotated in the same fields over
sequential years, and varying degrees of conservation tillage have
been practiced in recent decades. However, Tiessen et al. (2010)
reported no difference in runoff between conventional and
conservation tillage under an unconstrained environment at field
scale. The upland portion of the basin is dominated by agricultural
fields while the lowland portion of the basin has both riparian forest
and agricultural fields (Yang, Rousseau, & Boxall, 2007). Soil
stratigraphy is characterized by A, B, and C horizons composed of
clay loam, loam, and clay soil, respectively (based on field
observations by Watershed Evaluation of Beneficial Management
Practices project (WEBs project); Koiter et al., 2013). The bedrock
below the soil layers is Cretaceous shale bedrock which is mainly
from Pierre Shale and Niobrara Formations (Koiter et al., 2013).
The shale bedrock is relatively low in strength and has low

resistance to fluvial processes, which coupled with freeze thaw and
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FIGURE 1 Location of the study site and hydrometeorological observatories and land surface properties: (a) location of the study site in the Red
River Basin; (b) topography derived from Light Detection and Ranging digital elevation model and locations of precipitation gauges, streamflow
measurement gauges, weather station, and upstream dams in the South Tobacco Creek (STC) basin; and (c) sub-basins, hydrological representative
units (HRUs) within each sub-basin and riparian forest map of the STC basin. Note that in Figure 1b, the precipitation gauge (gray circle) circled by
red line, only provide year-around precipitation while others are operated during spring and summer seasons

wetting and drying cycles results in rapid disintegration into fine-
grained sediment (Koiter et al., 2013). Small dams and reservoirs,
strategically constructed in the upstream sub-basins, are used to
restrict agricultural runoff (Liu et al., 2014b). Because it is located
in southern Manitoba, the STC basin is wetter (average annual pre-
cipitation: 550 mm) and warmer (average annual temperature: 4°C)
than most of the Canadian Prairies (Liu et al., 2014b; Liu et al,
2015). Annual precipitation averages 590 and 500 mm above and
below the Manitoba escarpment (e.g., Liu et al., 2014b) while mean
temperature in the STC basin ranges from 2 to 4°C (Liu et al,
2014b). In addition, snowfall contribution to the annual precipitation
is ~25%, and snowfalls generally occur from November to March.
Based on long-term observations (1964-2010), average annual
runoff is 69.4 mm of which 80% occurs during spring. There is very
little base flow contribution to annual runoff (Liu et al., 2014b; Liu

et al., 2015) suggesting that there is little connection between sub-

surface storage and streamflow generation.

2.2 | Field observations

Hydrometeorological observations are available from an Environ-
ment and Climate Change Canada weather station, precipitation
gauges at distributed locations and streamflow gauges at several
locations along the main stream (Figure 1b). The dataset collected
at STC included precipitation from Miami Orchard (Climate ID:
5021736, Environment and Climate Change Canada), Miami
Thiessen (Climate ID: 5021737, Environment and Climate Change
Canada), and a Twin watershed rainfall gauge and 12 rainfall gauges
operated by local farmers. Air temperature, relative humidity, and
wind speed were monitored at the Deerwood RCS station, (Climate
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ID: 5020725) and snow depth observations are from the WEBs
Project of Agriculture and Agri-food Canada. Both Miami Thiessen
and Orchard stations are volunteer climate stations managed by
Environment and Climate Change Canada, where snowfall is mea-
sured with a snow ruler and its water equivalent is estimated using
an assumption that the density of fresh snowfall is 100 kg/m®. No
wind speed correction or gauge adjustment is needed for this type
of observation. While the meteorological and runoff data were col-
lected at hourly time steps, precipitation and snow observations
were taken at daily intervals or longer. Only one Environment and
Climate Change Canada precipitation gauge provided both winter
and summer precipitation. Additional 12 gauges (Figure 1b) esti-
mated only daily summer rainfall and were operated by local
farmers (e.g., Yarotski & Rickwood, 2004; Yarotski & Rickwood,
2007). The precipitation gauge in the Twin basin (operated locally
by Agriculture and Agri-food Canada and Environment and Climate
Change Canada; the data are not available on the Environment
and Climate Change Canada website; Figure 1b) provided hourly
rainfall data during the summer period. The hourly rainfall distribu-
tion at the Twin sub-basin was used to distribute daily rainfall at
an hourly time step for the whole STC basin. Working with the
most comprehensive data available, the 2000-2011 period was
considered for hydrological simulations.

Streamflow discharge measurements at an upstream sub-basin
(sub-basin 2; ~2 km?% WEBs project of Agriculture and Agri-food
Canada), mid-basin at Hwy 240 (South Branch of STC near Highway
240, ~34 km?, Water Survey of Canada, Station ID: 050F023), and
the basin outlet at Miami (STC near Miami, ~73 km?, Water Survey
of Canada, Station ID: 050F017) as shown in Figure 1b provide
opportunities for model evaluation at multiple scales. In the upstream
sub-basin 2, the inflow and outflow of the basin outlet reservoir were
estimated from water level measurements. Hydrometric gauging
stations were used to estimate streamflow at Hwy 240 and Miami
(Figure 1b). Generally, streamflow gauging starts when the ice in the

channels begins to break up during spring (~March) and terminates

when ice cover develops at the onset of winter (~October). The pres-
ence of snow and ice in the channels at the commencement of melt-
ing can lead to significant uncertainty in the early spring flow
estimates.

Snow depth surveys were performed one to two times annually
throughout the study period in two fields of a small, intensively studied
basin (Twin basin, Figure 1b) downstream of the sub-basin 2 reservoir.
Snow depth observations (Feb 2011) were available from sites in sub-
basins 2, 11, 13, 7, 6, and 4. Snow depth was measured using a ruler.
Snow depth measurements were taken when snow accumulation and
ablation neared their peaks.

Figure 2 summarizes the hydrometeorological dataset used in
this study, including the annual snowfall and rainfall contributions
to precipitation, discharge of the STC basin at Miami, mean winter
and summer air temperature for each water year (October 1 to
September 30), and mean growing season (June 1 to September
30) relative humidity. Figure 2 shows significant interannual variabil-
ity in annual precipitation and discharge. Annual precipitation varied
from 395 to 630 mm with snowfall contributing approximately 30%
to total precipitation (Table 1). Annual precipitation was low during
2002-2004 which also coincided with the extensive Canadian
Prairie drought of 1999-2005.The first few years of the 2000s were
dry in both winter and summer, with sustained low streamflow
(water year 2001-2002, 2002-2003, and 2003-2004; Table 1). In
contrast, the second half of the decade was wetter with moderate
winter temperatures and high spring and summer precipitation.
Mean winter temperature varied by almost 5.2°C between the
coldest winter (-9.1°C in 2009) and the warmest winter (-4.1°C in
2006). However, the mean summer temperature varied very little
over the study period. After 2004, annual precipitation increased
substantially resulting in a wet period. Cumulative discharge rose in
response to this precipitation shift, from 20 mm (2003) to 190 mm
(2011; Figure 2), with substantial spring snowmelt and variable sum-
mer rainfall-runoff contributions (Table 1). Summer runoff measure-

ments to runoff contributions were large during the 2002, 2005,
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FIGURE 2 Hydrometeorological observations such as streamflow at the outlet gauge (Miami), cumulative precipitation with snow and rain
component in the South Tobacco Creek basin. Note that black, red, and blue lines denote cumulative streamflow, snowfall, and rainfall. At the
top of Figure 2, mean winter temperature (W), mean summer temperature (S), and mean relative humidity (RH) are written. Table 1 provides annual
snowfall (mm), rainfall (mm), precipitation (mm), and streamflow at Miami gauge (mm) shown in Figure 2
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TABLE1 Annual snowfall (mm), rainfall (mm), precipitation (mm), and available streamflow (spring streamflow, summer streamflow) at Miami gauge

(mm) for the South Tobacco Creek basin during 2001-2011 peiod

Year Snowfall (mm) Rainfall (mm) Annual precipitation (mm) Streamflow at Miami (mm; spring, summer)
2000-2001 140 408 548 102 (94, 8)
2001-2002 43 322 365 58 (13, 45)
2002-2003 88 261 349 13 (10, 3)
2003-2004 64 354 418 77 (70, 7)
2004-2005 110 477 587 155 (78.32, 77)
2005-2006 144 232 376 95 (95, 0)
2006-2007 93 427 520 60 (40, 20)
2007-2008 108 393 501 16 (6, 10)
2008-2009 204 414 618 128 (127,1)
2009-2010 97 446 543 66 (36, 30)
2010-2011 134 460 594 175 (104, 71)

and 2011 periods. Interestingly, summer runoff was very small 23 | Hydrological simulations

despite high summer rainfall during 2004, 2006, and 2009. As

2.3.1 | Modular structure

evapotranspiration, subsurface storage, and surface water storage
are not measured, it is impossible to explain the fate of such high
rainfall during 2002, 2004, and 2009 period from observations
alone.

The observations in Table 1 have uncertainties and possible
measurement errors. Snowfall observations at the Environment and
Climate Change Canada volunteer stations might have site specific
errors and errors due to the assumption of fresh snowfall density.
The presence of snow and ice in stream channels at the beginning
of snowmelt can lead to significant uncertainty in observations.
Since the streamflow measurement starts in March, any runoff from
mid-winter melt (~February) which can occur during warm winters
(e.g., 2006) may be missing from the observation record.

Global
radiation

Models compiled in the CRHM platform can have a wide range of
process structures with variable levels of complexity (Pomeroy et al.,
2009). In the STC basin, a model representing cold region hydrological
processes is required for realistic simulations. Figure 3 shows the

schematic modules setup used for compiling the model.

1) Observation module: reads, adjusts, interpolates, and down-
scales meteorological data such as air temperature, relative
humidity, wind speed, and precipitation. The observation module
was able to vary rainfall in space by providing rainfall input to
respective hydrological response units (HRUs) from the nearest
rain gauges. Inverse distance weighting was used to interpolate

Radiation
module

Max.
sunshine

Temperature, windspeed

FIGURE 3

_,| Observation |Relative humjdity
module Vapour pressure
Precipitation
Incident short-
wave radiation Sunahine hour Sunshine|hour
module f
Long-wave 'Long-wave Cano| ;
mgdule radiation & |Ralnfal\
Module lSHDWia],"
Slope radiation |Ad. short] | SWE
owing
module ave radiat 1
snow Albed
module A'bfd." i
Adj| short- & long- | Energy-bal ||| | [Snowmet
wave radiation snowmelt module ! Short- &
] long-wavi
Allm::dule radiation ~ Snow Inf.
Rain Inf.
jon module |Runoff
Evap. in
Evaporation |recharge
module  |and rooting
zones
Sub-basins |oPatial configuration based on Soil module

agricultrual fields and

HRUs

riparian forest

Runoff Routing
module

Flowchart of physically based hydrological modules utilized in the STC CRHM model
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rainfall between stations outside the CRHM platform. These
interpolated maps provided rainfall input to co-located HRUs.
However, the inverse distance weighting interpolated rainfall
did not improve model performance.

Radiation module: estimates the clear-sky direct and diffuse
solar radiation based on latitude, elevation, ground slope, and
azimuth (Garnier & Ohmura, 1970) and adjusts this for cloud
cover based on incoming shortwave radiation estimated by the
Annandale module.

Annandale module: estimates atmospheric transmittance from
daily minimum and maximum temperatures using an empirical
method developed by Shook and Pomeroy (2012) from one first
developed by Annandale, Jovanic, Benade, and Allen (2002).
Longwave radiation module: estimates incoming long-wave
radiation using temperature, humidity, and atmospheric short-
wave transmittance (Sicart, Pomeroy, Essery, & Bewley, 2006).
Albedo module: calculates snow albedo through the winter and
melt period and the non-snow albedo after snowcover depletion
(Verseghy, 1991).

Canopy module: estimates interception of snowfall and rainfall
by canopy and subsequent sublimation or release of intercepted
snow by unloading or drip and evaporation or drip of rainfall
from the canopy in order to estimate sub-canopy snowfall and
rainfall. When there is a snowpack, sub-canopy shortwave and
longwave radiation and turbulent fluxes to snow are calculated
(Ellis et al., 2010, 2013; Pomeroy et al., 2009).

Blowing snow module: simulates the wind redistribution of snow
between HRUs and in-transit blowing sublimation during the
winter period (Pomeroy & Li, 2000; Fang & Pomeroy, 2009).
Energy balance snowmelt module: estimates snowmelt using the
energy equation as its physical framework by estimating
radiative, convective, advective and internal energy using semi-
empirical techniques (Gray & Landine, 1987).

All-wave radiation module: estimates net radiation from
shortwave radiation for the non-snow-covered period in order
to calculate evapotranspiration (Granger & Gray, 1990).
Infiltration module: estimates infiltration into frozen and unfro-
zen soils. Frozen soils are classified as one of three classes:
restricted, limited, and unlimited infiltration capacity. Restricted
soils have impermeable layers such as ice lenses at or near the
surface, limited soils permit infiltration to increase with snow
water equivalent (SWE) and decrease with increasing frozen
water saturation in the top 30 cm of soil, and unlimited soils
allow all snowmelt to infiltrate assuming that a soil column has
a high percentage of available pore spaces and macropores at
the time of melt water release (Gray, Pomeroy, & Granger,
1986). For unfrozen soils, rainfall infiltrates at rates controlled
by soil texture, depth to bedrock, and agricultural practice
(Ayers, 1959).

Evaporation module: uses the Penman-Monteith combination
method to estimate evapotranspiration (Monteith, 1965) by
considering the influence of surface resistance (Jarvis, 1976;
Verseghy, McFarlane, & Lazare, 1993) and available energy for
evaporation and transpiration. Surface resistance varies as a

function of plant growth status, vapor pressure deficit, soil

moisture availability, and temperature at which transpiration
can occur (Armstrong, Pomeroy, & Martz, 2008).

12) Soil module: estimates moisture balance, depressional storage,
overland flow, and subsurface flow in two soil layers and a
groundwater layer (Pomeroy et al., 2009; Dornes et al., 2008;
Fang et al., 2010, 2013). The top soil layer receives infiltrated
water from depressional storage, snowmelt, and rainfall and
supplies water withdrawals by crop and tree roots for
transpiration. The lower soil layer receives percolation from the
recharge layer and supplies water for transpiration. This module
limits evapotranspiration based on available interception,
surface water storage, and soil water withdrawal characteristics.

13) Routing: utilizes the Muskingum routing method to transport
from HRU to basin outlet (Chow, Maidment, & Mays, 1988).
The routing module permits diversion of the outflow from one
HRU to the inflow of other HRUs or to the basin or sub-basin
outlet. Within a sub-basin, water from one HRU is diverted to
downstream HRUs and ultimately routed to the outlet via the
channel HRU. At the basin scale, the flow from each sub-basin

is routed to the basin outlet.

2.3.2 | Spatial configuration

The STC model represents the basin using a distributed approach,
discretizing the basin into HRUs. This level of spatial discretization
is useful for modeling in basins where there is a good conceptual
understanding of processes, but inadequate distributed information
to characterize a basin at very fine scales, as is typical of fine scale
gridded distributed models (Dornes et al., 2008). Each HRU is com-
posed of modules representing important hydrological processes,
based on results of other Canadian Prairie basin field and modeling
studies (Pomeroy et al., 2007; Fang et al., 2010). The HRUs were
derived from field-surveyed agricultural field, riparian forest, and
pasture polygons. Elevation and slope were calculated for each
HRU using a LiDAR-derived DEM. A total of 372 HRUs were distrib-
uted over 13 sub-basins (Figure 4). The semi-distributed simulation
structure developed for the STC model is also shown in Figure 4.
The outlets of sub-basins were identified using stream gauge
locations in a contributing area map, and the sub-basin boundaries
were delineated using a flow direction map. The ArcGIS Hydrology
software package was used to produce the flow direction (Jenson
& Domingue, 1988) and contributing area map (Tarboton, Bras, &
Rodriguez-Iturbe, 1991) from the LIDAR DEM. One HRU simulated
reservoir streamflow, using reservoir capacity and a rating curve. It
was deployed for sub-basin 2, where a small reservoir had been con-
structed to attenuate the peak flow during the snowmelt period.
Sub-basins 1, 2, 3, 4, 5, and 6 drain the Manitoba Escarpment from
relatively higher elevations (436-500 m) with an average relief of
65 m. Sub-basins 7, 8, 9, 10, 11, and 12 drain mid-elevations
(360-460 m) and have a high percentage of the STC riparian
forest in sub-basins 9, 10, 11, and 12. Sub-basin 13 is low lying
(306-404 m) and receives inflows from the 12 upstream sub-basins.
Sub-basins 1, 2, 3, 4, 5, 6, and 12 drain to the Hwy 240 gauge, and
all sub-basins drain to the Miami gauge via the flow network shown

in Figure 4.
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2.3.3 | Model parameter estimation, initialization, and
evaluation

Land surface parameters were derived from field-based observations
and previous research findings (e.g., Fang & Pomeroy, 2007; Fang &
Pomeroy, 2008; Fang & Pomeroy, 2007; Fang et al., 2010; Pomeroy
et al., 2007; Pomeroy, Fang, Shook, & Whitfield, 2013). Field-derived
data included reservoir storage, crop residue, crop type, seeding date,
harvest date, and soil texture. A crop residue index was used to esti-
mate stubble height for winter blowing snow calculations. The crop
residue index was set as a function of the fall tillage practice. A crop
residue index of 1 indicates conservation fall tillage whereas values
of 0.8, 0.7, 0.6, and 0.5 indicate conventional fall tillage using the anhy-
drous rig (minimal cultivation), light duty cultivator, heavy duty cultiva-
tor, and tandem disc, respectively. Based on personal communications
with local farmers, the stubble height varies from 12 to 45 cm. It was
assumed for model parameterization purposes that the stubble heights
are 20 and 1 cm for conservation tillage and conventional tillage fields,
respectively.

During the growing season, the crop height and leaf area index
(LAI) start increasing from seeding date and continue increasing until
crop maturity, estimated as 2 weeks before harvest date. Both crop
height and LAl are reset, to pre-growth stubble height and LAl at the
harvest date, respectively. Crop growth rate (cm/day) and LAl growth
rate (-/day) are set in such a way that both reach a maximum at the
crop maturity date.

Initial conditions were obtained by running the model for three
consecutive years (Oct 1, 1997 to Sep 30, 2000) prior to the onset
of the simulation period. Meteorological data from the same stations
were used for the initialization run using the same model setup.

Average fall soil moisture was assumed and set as an initial condition

for the 3-year initialization run. The initialization period has one dry
year (1997-1998: 390-mm precipitation) and two consecutive wet
years (1998-1999: 660 mm and 1999-2000: 520-mm precipitation)
which suggests that after 3 years of model runs and multiple spin-
ups, the STC model was attuned to STC climatic conditions. The
subsurface soil moisture was quite still low at the end of spin-up
period. Infiltration during the wet period had not overcome the soil
moisture deficit. Since the simulated streamflow agrees well with
observations at the Miami gauge during the spin-up period, there is
confidence that the modeled initial subsurface storage condition was
adequate for further simulation. Snow observations at the Twin basin
during the entire simulation period, snow depth observations at the
distributed locations during the winter of 2010-2011, and streamflow
measurement at sub-basin 2, Hwy 240, and Miami gauge were used to
evaluate model performance and assess its suitability for use in exam-
ining hydrological response to climate variability. The Nash-Sutcliffe
efficiency (NSE), root mean squared error (RMSE), normalized RMSE
(NRMSE), and mean bias were used to compare the simulations with
observations. The NSE is defined using the following equation (Nash
& Sutcliffe, 1970):

S, (obsy = Simy)?

NSE = 1- 2K 3
Zkzi (Obsk - “cbs)

where obs, and sim, are observations and simulations at time k, the
total number of simulation hour is n, and pyps is the mean of all
observations.

The normalized mean bias is defined using Equation 2:

Y1 (0bsy = Simy)

Normalized mean bias =
n x ObSyean

()
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where obs, and Sim, are observations and simulations at time k,
the total number of simulation hours is n, and ps is mean of all
observations.

For sub-basin 2, streamflow performance was assessed based on
reservoir outflow compared with the simulated streamflow from the
reservoir HRU. Other streamflow simulations for the mid-basin scale
and the entire STC scale were evaluated using Environment and Cli-
mate Change Canada gauged discharges. The Hwy 240 gauge (mid
basin) discharge is a composite of streamflow from the upper six sub-
basins (sub-basins 1 [10.8 km?], 2 [2.08 km?], 3 [3.38 km?], 4
[8.22 km?], 5 [2.08 km?], and 6 [5.5 km?]) and also local inflows from
the sub-basin 12 (7.54 km?; Figure 4) whilst the Miami gauge receives
flow from the upper 12 sub-basins and the local inflows from the sub-
basin 13 (Figure 4).

2.4 | Simulated snowmelt and rainfall runoff analyses

To explore simulated rainfall runoff generation mechanisms, the metric
(fr) and the percent contribution by heavy rainfall days (225 mm/day)
to seasonal rainfall depth were used. The threshold value of 25 mm/
day was taken from Brimelow et al. (2014), where they reported that,
in wet summers, heavy rainfall days (225 mm/day) accounted for up
to 55% of seasonal rainfall.

Factors influencing snowmelt runoff generation were assessed by
comparing simulated snowmelt runoff with runoff estimated using a
simplified calculation method - employing equations of Granger, Gray,
and Dyck (1984) for limited infiltration into unsaturated, uncracked
frozen soils, but without consideration of the impact from redistribu-
tion of blowing snow as suggested by Pomeroy and Li (2000) and over-
winter snow-soil ice layer formation as suggested by Gray et al. (1986).
Comparison of the Granger et al. method with full CRHM simulations
of blowing snow redistribution and sublimation, mid-winter melt, and
rain-on-snow formation of ice layers on the frozen soils allows assess-
ment of the importance of these processes. Granger et al. (1984) pro-
vided an equation to approximate snowmelt infiltration into fully

frozen soils based on SWE and pre-winter degree of pore saturation

(6p). This is used in the Gray et al. (1986) algorithm that forms the basis
of the infiltration module used in the CRHM model for STC. In CRHM,
infiltration is classified as limited, restricted (by ice layers), and unlim-
ited (due to cracks) following Gray, Dyck, and Granger (1984). The
equation used in the simplified method only applies for what Gray
et al. (1984) termed the “limited” case where there were no large
macropores, cracks, or ice layers. The unlimited or restricted cases
require a full hydrological model to estimate their occurence. The
Granger et al. (1984) equation for estimating infiltration in the limited

infiltration case is given below:
INF =5 (1-©,)SWE®8 3)

where INF (mm) is snowmelt infiltration in mm. Equation 3 was
used to approximate snowmelt infiltration from climate information
assuming the limited case. As SWE data were not available for the sim-
plified method, winter snowfall was used instead of SWE, which
assumes that snowfall is not melted, sublimated, or redistributed by
wind over the winter. ©, was taken from simulated soil moisture in
the preceding fall season and soil porosity estimated from texture
using Brooks-Corey relationships. By subtracting INF from winter
snowfall, theoretical snowmelt runoff was estimated from climate data.
Note that Equation 3 predicts infiltration at a seasonal scale and is

active when SWE is greater than 0.

3 | RESULTS AND DISCUSSION

3.1 | Snow model evaluation

The snow simulations were evaluated against snow depth observa-
tions at the Twin basin (~0.094 km?) and HRUs distributed across
the STC basin. Figure 5 compares the observed snow depth at a site
in the Twin basin with simulated values for the corresponding HRU.
The observed spatial variability across the Twin basin is represented
by a vertical bar on the graph. The model performance in predicting

snow depth is satisfactory for all winter seasons across a range of

250 v T T
= | I I !
£ [ I I !
= | | | E Observed snowdepth
% 200 | | | = Model snowdepth
& | | 1 Model SWE
_cé" — Cumulative snowfall
E | | l .
E 150 I I [
= | | | |
B
£ | I | |
£ | | | |
E 00| | I
i |
-3 I I I
E [ |
= I I I
£
5 50
@ 1 I 1
g \ | | |
& '8 I Ny

0 ! +.I L 1 1

N o |

Oct1,2000 Oct1,2001 Oct1,2002 Oct1,2003 Oct1,2004 Oct1,2005 Oct1,2006 Oct1,2007 Oct1,2008 Oct1,2009 Oct1,2010 Sep 30,2011

FIGURE5 Comparisons between simulated and observed snow depths at the Twin basin inside the South Tobacco Creek basin during 2001-2011
period. Black circles represent mean observed snow depth, and vertical bars across the black circles represent +1 standard deviation. Blue and red
lines represent modeled snow depth (cm) and snow water equivalent (SWE in mm), respectively. Finally, black lines show cumulative snowfall in

respective winters
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different climatic (precipitation and temperature) conditions (Table 2),
with an RMSE of 7.2 cm, NRMSE of 0.42, and normalized mean bias
of -0.06. The model successfully captured the temporal dynamics of
snow accumulation and ablation and performed well in capturing peak
snow depth, indicating adequate modeling of winter snow redistribu-
tion and ablation due to blowing snow transport. The marked differ-
ence between cumulative snowfall and simulated peak SWE indicates
significant winter snow redistribution, sublimation, and melt. CRHM
model outputs show this is primarily due to snow erosion by wind
transport rather than melt or direct sublimation from the snow surface.
Figure 5 also shows marked variability in snowfall, peak SWE, and
snow cover between winters. The simulation period starts with a series
of dry winter years (2002-2004) of the major drought of 1999-2004,
characterized by lower snow accumulation, shorter snow cover period,
lower peak SWE, and even temporally discontinuous snow cover in
2002. In contrast, winters having high snowfall (2005, 2009, and
2011) show contrasting responses of greater snow accumulation,
higher peak SWE, and a longer snow-covered period.

In order to evaluate the spatial modeling of snow depth, snow sim-
ulations were compared to spatially distributed snow depth observa-
tions taken during February 2011 across the STC basin. Sampling
transects were located on the stubble fields and riparian forest areas
near the channels. Snow is generally redistributed by wind from stub-
ble fields to wooded areas in the Canadian Prairies (Fang & Pomeroy,
2009). The comparisons between observations and simulations indi-
cate strong model performance. The RMSE for sub-basin 2 and the
STC basin is 10.01 and 8.56 cm, respectively, while normalized mean
bias is -0.07 and -0.05, respectively. The good model performance
across a range of land uses suggests adequate representation of blow-
ing snow erosion, transport, deposition, and in-transit sublimation
(Pomeroy, Gray, & Landine, 1993). Sub-basin level water balance anal-
yses also indicate that the sub-basin 12 which has large areas of

TABLE 2 Snow measurement observation date, the number of snow
depth observations (N), mean observed snow depth (Snow depthgys in
cm), and modeled snow depth (Snow depth,oge in cm), at the Twin
basin. Note that the Twin basin mainly comprises agricultural fields

Observation Snow Show
date N depthops (cm) depthoger (€M)
3/9/2001 12 21 23
4/1/2001 25 14 11
2/15/2002 25 6 11
3/14/2002 25 2 0
3/12/2003 24 8 16
2/10/2004 24 26 15
3/7/2005 24 19 5
2/6/2006 23 30 37
3/7/2006 23 18 35
2/6/2007 24 18 16
3/7/2007 24 26 24
2/21/2008 24 18 20
3/17/2008 24 9 13
3/9/2009 24 25 26
3/9/2010 24 31 29
4/9/2011 31 26 28

riparian forest (Figure 4) receives a net positive blowing snow trans-
port, while a net negative blowing snow transport was modeled in
the headwater agricultural sub basins (e.g., Sub-basin 2). This inter-
basin transfer of water via blowing snow has not been documented

in a Canadian Prairie basin before.

3.2 | Flow evaluation

Table 3 provides the calculated NSE, RMSE, and normalized mean bias
for daily flows for all gauges. These results demonstrate credible model
capability to reproduce daily flow and temporal evolution of flows at
multiple scales; however, this ability varies from year to year. Daily
model performance was also good at the Hwy 240 and Miami gauges,
except for during 2009 and 2011. The model performance at a daily
scale was good while simulating the dry years (e.g., 2002, NSE = 0.7)
while the model performance is weaker in wetter years (e.g., 2011,
NSE = 0.2). However, the model performance at annual scale is
adequate (NSE = 0.87).

Modeled streamflows were compared to observed flows at multi-
ple scales: headwaters (sub-basin 2), mid basin (Hwy 240), and the
basin outlet (Miami). Cumulative flows rather than hydrographs were
compared as the intention of the model is to estimate the development
of seasonal streamflows from STC rather than predict daily streamflow
hydrographs. Figure 6 shows the comparisons of observed and esti-
mated streamflow discharge for the sub-basin 2, Hwy 240, and Miami
gauges. At the sub-basin 2 gauge, simulations were often in close
agreement with the estimated streamflow, in particular, the model per-
formance was good in 2001, 2002, 2003, 2005, 2006, 2009, and 2011.
However, the model overestimated outflow in 2007, 2008, and 2010
at this headwater scale. Noting that daily model performance was good
during the spring snowmelt runoff, the discrepancies can be attributed
to inadequate spatial representation of summer rainstorm events due
to lack of rain gauges in sub-basin 2. The streamflow at sub-basin 2
outlet is also influenced by a reservoir. Modeling this reservoir storage
and discharge dynamics suggests that such a small reservoir barely
impacts cumulative discharge. Although the reservoirs slightly lower
the peak flow (0-5%), the stored water is ultimately delivered to the
downstream. Thus, the very little impact is observed at the mid-basin
and basin outlet scale. Overall, the modeled cumulative streamflow
agrees well with observations at multiple scales, and performance
improves with scale. It is assumed that measured hydrographs could
be more closely matched by simulations with calibration of the lag
and routing parameters but that there are limits to improvement of
runoff and streamflow process representations that can be gained by
calibration in this basin, due to the inadequate density of rainfall
measurements. Because the sparse precipitation observations could
lead to unrealistic model parameter selection by streamflow

calibration, no calibration or parameter adjustments were performed.

TABLE 3 Flow simulation evaluation at multiple scales

RMSE Normalized
2001-2011 NSE (-) (mm/day) mean bias (-)
Sub-basin 2 (2 km?) -0.1 1.44 0.33
Hwy 240 (34 km?) 0.3 0.87 -0.04
Miami (73 km?) 0.48 0.74 -0.02
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FIGURE 6 Comparisons between cumulative simulated and observed streamflow discharge at multiple scales in the South Tobacco Creek (STC)
basin (2001-2011). Top, middle, and bottom figures represent streamflow comparisons at the headwater basin scale (sub-basin 2), mid-basin
scale (Hwy 240), and the entire STC basin scale (Miami), respectively. Here, the simulated streamflow is shown only when the observation is
available. Note that the observations during 2003-2004 period at the sub-basin 2 were not available

3.3 | Impacts of climatic variability on modeled
hydrological responses

During the simulation period, the region experienced several fluctua-
tions of precipitation regimes, whose results ranged from severe
drought to record flooding. The precipitation also varied over seasons
and space. Inter and intra-annual climatic variability exerted strong

control on seasonal and annual modeled hydrological responses.

Figure 7 shows the annual basin scale water balance including
observed inputs (snowfall and rainfall), simulated outputs (snowmelt
runoff, rain runoff, sublimation, drift out, and summer evapotranspira-
tion), and simulated subsurface soil moisture storage change. In
general, the STC basin showed simulated depletion of subsurface
storage during the first half of the simulation period (2000-2005)
which was associated with a large-scale Canadian Prairie drought

(e.g., Bonsal et al., 2013). In contrast, during the second half of the
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FIGURE7 Annual simulated input and output fluxes (mm) and subsurface soil moisture storage change in the South Tobacco Creek basin over the

simulation period
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simulation period, addition to subsurface soil moisture storage was
simulated; this can be linked to recent wetting in the eastern
Canadian Prairies (e.g., Brimelow et al., 2014). Figure 7 also shows
that snowmelt runoff is the major streamflow contributor to annual
runoff while rainfall runoff contributions were only notable in
2001-2002, 2005-2006, and 2010-2011 (Table 4).

Figure 7 demonstrates complex hydrological patterns in response
to climate variability. This study identified four major hydro-climatic
patterns having unique seasonality and runoff responses, based on
the four possible combinations of wet/dry winter and summer
seasons. They are as follows: (1) Pattern 1: dry winter followed by
wet summer (2001-2002); (2) Pattern 2: wet winter followed by dry
summer (2008-2009); (3) Pattern 3 (wet years): wet year having
wet winter and summer seasons (2004-2005, 2010-2011); and (4)
Pattern 4 (dry years): dry year having dry winter and summer
seasons (2002-2003, 2003-2004, 2007-2008). During pattern 1
(2001-2002), lower snowfall resulted in very little snowmelt runoff
while a few heavy rainfall days (June 9-11, 2002) in summer gener-
ated relatively large rainfall runoff volumes. Interestingly, this rainfall
runoff event was associated with extensive flooding in regions
around the North Dakota-Manitoba border. However, annual runoff
(70 mm) during 2001-2002 was still less than average runoff
(85 mm), and simulations suggested 61 mm of water was depleted
from the subsurface soil moisture storage.

In contrast, during pattern 2, heavy winter snowfall produced a
large and 3-week-long snowmelt runoff event while the lack of heavy
rainfall days in summer generated insignificant rainfall runoff and high
summer infiltration, with simulations indicating 72 mm of subsurface
soil moisture storage gain. This change in subsurface storage was
primarily in the two soil layers. Note that the snowmelt runoff was also
linked with 2009 spring flooding in southern Manitoba (e.g., Brimelow
et al, 2014). This winter was also marked by noticeable blowing
snow redistribution by wind out of the basin, smaller than normal
over-winter sublimation, and markedly higher than average (127 mm)
annual runoff. Pattern 3 (wet years) clearly shows greater snowmelt
and rainfall runoff resulting from both heavy snowfall and frequent
heavy rainfall days. In both wet years, a noticeable quantity of blowing
snow transport out of the basin was simulated whereas sublimation

was only notable during 2010-2011. However, in years of pattern 3

(wet years), the simulated subsurface storage experienced very little
depletion due to higher evapotranspiration and higher intensity sum-
mer rainfall. The combination of wet, sometimes saturated, soils and
heavy rains resulted in high runoff and little infiltration. Finally, during
years of pattern 4 (dry years), lower snowfall and the lack of summer
heavy rainfall days produced very little snowmelt or rainfall-runoff.
Annual runoff in these years was substantially lower than the average.
During pattern 4 (dry years) years, simulated subsurface soil moisture
storage dynamics varied from year to year. For example, the
subsurface soil moisture storage was increased by 24 mm during
2002-2003 while it was decreased by 42 mm during 2003-2004.
The simulated subsurface soil moisture storage recharge in 2002-
2003 can be ascribed to high infiltration capacity due to frequent,
low intensity and modest volume rainfall events and to relatively low
evaporative fractions. In contrast, during 2003-2004, withdrawal from
subsurface soil moisture storage was modeled due to high evaporative
losses in the summer season.

Others years (2000-2001, 2005-2006, 2006-2007, and 2009~
2010) which were not explained by these four patterns showed
unusual and contrasting water balances. For example, during 2000-
2001, subsurface storage depletion from soils was due to high evapo-
transpiration exceeding rainfall while the highest storage recharge
occurred during 2009-2010 because of large infiltration that was
associated with the modest snowmelt and rainfall runoff and evapo-
transpiration. Infiltration (2009-2010) occurs from summer rainfall of
low intensity. Surprisingly, the summer of 2010 generated very little
rainfall runoff in STC whereas flooding was reported in the other parts
of southern Manitoba. The summers in 2005-2006 and 2006-2007
were similar to pattern 2, but the winter snowfall was not as high. As
a consequence, both years produced moderate snowmelt runoff and
insignificant rainfall runoff. Interestingly, despite having similar
amounts of snowfall in both years, 2005-2006 produced much higher
snowmelt runoff than 2006-2007. Such contrasts can be attributed to
formation of ice lenses (e.g., Gray et al., 1984; Pomeroy et al., 2007) in
the frozen soils in early spring of 2006 resulting in restricted infiltration
and a larger snowmelt runoff volume (see Section 3.4).

Hydroclimatic patterns in the Canadian Prairies have been previ-
ously considered, particularly in modeling studies with a strong focus
on winter and spring seasons (e.g., Fang & Pomeroy, 2007; Fang &

TABLE4 Modeled output fluxes shown in Figure 7. Fluxes include snowmelt runoff (mm), rainfall runoff (mm), sublimation (mm), drift out (mm),

and ET (mm)
Year Snowmelt runoff (mm) Rainfall runoff (mm) Sublimation (mm) Drift out (mm) ET (mm)
2000-2001 95 11 4 11 506
2001-2002 23 47 2 4 379
2002-2003 10 2 1 345
2003-2004 64 1 2 395
2004-2005 82 76 3 13 487
2005-2006 98 1 3 334
2006-2007 37 19 4 390
2007-2008 16 11 2 4 419
2008-2009 127 0 10 26 396
2009-2010 37 25 2 5 461
2010-2011 107 52 10 22 444
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Pomeroy, 2008; Todhunter, 2001; Pomeroy et al., 2011). However,
previous studies have considered observations over only short
periods (up to 6 years) and provided very little attention to summer
hydro-climatic responses. This study has identified four major
hydroclimatic patterns which are difficult to observe or model
because of the requirements of intensive observations and physically
The
hydroclimatology of pattern 1 (dry winter followed by wet summer)

based simulations over long time periods. winter
and pattern 4 (dry years) agrees well with those identified by Fang
and Pomeroy (2007, 2008) for winter and spring-focused studies.
Patterns 2 and 3 are consistent with the winter of 1997 during
which large snowfall, snow accumulation, frozen soil condition, and
basal ice layer lead to record flooding in the entire Red River Basin
Todhunter (2001). This study adds new knowledge by incorporating
summer hydroclimatic patterns and considering observations and
simulations over a sufficiently long period to cover a wide range of
wet and dry conditions. As a result, it has been established that a
year having a dry winter does not necessarily mean dry conditions
over the year, due to the importance of the subsequent summer's
hydroclimate. The «current study is also the first detailed
hydroclimatological investigation in the Red River basin while the
previous investigations were focused on drier prairie basins in
Saskatchewan.

There are uncertainties in the water balance estimation from
observed streamflow and driving meteorology and simulated hydro-
logical fluxes (Figure 2; Table 4). The difference between observed
and simulated annual streamflow at the basin outlet ranges from
0.05 mm (e.g., 2003) to 15 mm (e.g., 2011). The error in annual
modeled streamflow is less than 5 mm during the study period with
the exception of 2011 (15 mm), 2004 (12 mm), and 2008
(-11.2 mm). Furthermore, the NSE, RMSE, and normalized mean bias
between streamflow observations and simulations at annual scale
are 0.97, 7.2, and 0.0019 mm, respectively. It was not possible to
evaluate other simulated water balance components such as ET
due to lack of any observations. This small degree of uncertainty
in streamflow simulations does not impact the findings on the four

hydroclimatic patterns.

3.4 | Snowmelt runoff generation and climate
variability

Figure 8a compares snowmelt runoff estimated using the simple
method based on Equation 3 driven only by meteorological data
with modeled snowmelt runoff using a similar algorithm but also
taking into account the role of over-winter snow hydrology, for
the 11 years of the simulation period. Both methods are over-
whelmingly driven by snow accumulation but also strongly influ-
enced by fall soil moisture status. However, the hydrologically
modeled snowmelt runoff also takes into account basal ice layer
formation beneath the snowpack and on top of frozen soils. The
comparison of the simple, meteorologically driven method and the
hydrologically modeled runoff in Figure 8 shows good agreement
during relatively dry winters having less than 100-mm snowfall
(e.g., 2002, 2003, 2007, 2008, and 2010). However, during rela-
tively wet winters with more than 110-mm snowfall (2001, 2005,
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FIGURE 8 (a) Comparisons between snowmelt runoff over frozen

soils estimated from Equation 1 using climate data and estimates of
the CRHM model melt runoff; (b) Relationship between peak snow
water equivalent (SWE) and modeled snowmelt runoff. Note that in
both figures, respective years are labeled next to each black circle, for
example, “08” means the 2008 winter season. However, in Figure 8a,
the duration of frozen soil during snowmelt condition occurrence (i.e.,
basal ice layer due to mid-winter melt, unsaturated frozen soil) during
the snowmelt period is indicated using text next to black circles

2006, 2009, and 2011), the simple method markedly underesti-
mates snowmelt runoff due to overestimation of snowmelt infiltra-
tion into frozen soils. This is due to the development of restricted
infiltration conditions that the simple method is unable to address.
Detailed diagnosis of frozen soil processes and mid-winter snow-
pack in the hydrological model suggests that during the wet winter
years, ice lenses form due to winter and early spring thaws and
rain-on-snow events. As a result, the hydrological model restricted
the infiltration rate, causing a larger snowmelt runoff. Modeled
SWE was also lower than observed cumulative snowfall in those
winters due to blowing snow transport and sublimation losses from
agricultural fields - however, this effect was overwhelmed by the
impact of ice lenses. Interpretation of Figure 8a highlights the sig-
nificance of land surface conditions during the snowmelt period for
determining the infiltration status and consequently snowmelt run-
off volume. Simulated ice lens formation years were linked with
patterns 2 and 3 (Section 3.3) while ice lenses did not develop
during patterns 1 and 4 years. Figure 8b shows a positive but non-
linear association between the simulated peak SWE and snowmelt
runoff. Figure 8b also exhibits very little snowmelt runoff for peak
SWE less than 70 mm which is also consistent with Ehsanzadeh,
Spence, Van der Kamp, and McConkey (2012) calculation of no
runoff for winter precipitation less than 40 mm in southwestern
Saskatchewan. In both cases, infiltration to unsaturated frozen soils

in dry years strongly reduces runoff as shown by Fang and
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Pomeroy (2007), but, as shown by Gray et al. (1984, 1986), this is
not a rule but is controlled by fall soil moisture content and forma-
tion of ice lenses. The snowmelt runoff is markedly lower than
peak SWE during relatively dry winters (e.g., 2002, 2003, 2007,
2008, and 2010) due to high infiltration of snowmelt water. Higher
infiltration is caused by lower fall soil moisture status as per the
studies of Gray et al. (1984). In contrast, during relatively wet
winter years (e.g., 2001, 2005, 2006, 2009, and 2011), snowmelt
runoff is only slightly lower than the peak SWE, and snowmelt
runoff and peak SWE are strongly correlated because of low rates
of infiltration of snowmelt water. Lower rates of infiltration and
higher rates of snowmelt runoff are influenced by higher fall soil
moisture status and ice lens development. Figure 8b also highlights
the significance of land surface state during the snowmelt period in
controlling runoff volume. Based on the discussion of simulations
shown in Figure 8a,b, high fall soil moisture, high peak SWE, ice
lenses during the snowmelt period (Figure 8a), and restricted
snowmelt infiltration are linked with patterns 2 and 3, that is, with
wet winters. In contrast, low fall soil moisture, low peak SWE,
absence of ice lenses, and unlimited infiltration are key characteris-
tics for patterns 1 and 4, that is, with dry winters. In summary,
snowmelt runoff is highly sensitive to both land surface conditions
(i.e., ice lens development, fall soil moisture status) and peak SWE
before the onset of snowmelt. It is very likely that, both winter
land surface conditions and peak SWE will change as a result of
climate change. These effects of climate change may be
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FIGURE 9 Cross plot between fr (%) and rainfall runoff in the South
Tobacco Creek basin. Note that fr (%) is defined as the fractional
contribution of summer rainfall by heavy rainfall days (25 mm/day).
The text next to each black circle indicates the year, for example, “08”
means the 2008 summer season

particularly marked during wet (patterns 2 and 3) winters (e.g.,
Rasouli et al., 2014).

3.5 | Rainfall runoff generation

Rainfall runoff generation at STC is related to the frequency and
intensity of heavy rainfall days and has no relationship with annual
rainfall volume. Figure 9 clearly shows that a larger proportional con-
tribution by heavy rainfall days (225 mm/day) to seasonal rainfall
depth (fr) produces more rainfall runoff. However, the relationship
between fr and seasonal rainfall runoff volume is nonlinear and
shows thresholding behavior. Its nonlinearity provides valuable
insights into the relationship between fr and runoff generation.
When fr was less than 20%, no rainfall runoff was generated. Above
20% fr, a threshold is crossed where there is now runoff generation,
and for 20% > fr < 40%, a linear relationship between fr and runoff
volume developed. However, when fr > ~40%, then runoff volume
became independent of fr. Here, additional high temporal resolution
rainfall observations (hourly or sub-daily) might be useful to explain
the rainfall runoff generation for higher fr. Table 5 provides rainfall
event characteristics producing significant runoff volumes from
hourly rainfall data collected by the Twin sub-basin gauge and indi-
cates storms of more than 18 hr with a least a few hours of high-
intensity rainfall storms that are required to generate significant rain-
fall-runoff at the basin scale. This is because longer duration events
have greater spatial coverage and with the sparse STC rainfall gaug-
ing network the only way to infer that a large rainfall volume is
received by the basin is to observe a long duration and high rate
of rainfall at a gauge. For example, in 2002, a significant rainfall
event of 164 mm over 52 hr, with >10 mm rainfall per hour for
5 hr, produced 99% of the rainfall runoff and 71% of the annual run-
off. Higher spatial and temporal resolution of rainfall measurements
would be very useful to better predict runoff in response to rainfall.
Finally, it can be concluded that for the years with a very high
fraction or very low fraction of heavy rainfall days, the rainfall runoff
volume is independent of fr. Very low fr values are linked with
summer drought years (pattern 4, pattern 2), and very high fr values
are associated with wet summer years (pattern 1 and pattern 3). The
unsaturated infiltration rates into prairie soils are greater than all but
the more extreme rainfall rates. It is possible therefore that
restricted infiltration is due to the heavy texture and slow drainage
of Red River Basin soils, which promotes the development of a
transient saturated layer perched on glacial till in wet conditions
such as during a large rainstorm. This combination of extreme rainfall
with a perched saturated soil layer can generate runoff during the

summer season.

TABLE 5 Characteristics of major summer rainfall events that generated substantial rainfall runoff

# of hours > Total rainfall Basin wide rainfall Total runoff at
Event date Duration (h) Max rate (mm/h) 10 mm/hr (mm) variation (mm) Miami (mm)
June 9-11, 2002 52 19.25 164 128-200 50
June 29-30, 2005 18 16.32 74 65-88 34
May 21, 2011 24 8.32 60 Not available 12
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Climatic variability, manifested through seasonality as sequences of
wet and dry winters and summers, was found to exert strong controls
on hydrological responses in Canadian Prairie agricultural basins. Using
a physically based, distributed cold regions hydrological model, the
effects of this interannual climatic variability were assessed in a
medium-sized Manitoba agricultural basin over an 11-year period char-
acterized by dry and wet years. This is believed to be the first uncali-
brated, physically based hydrological model application in southern
Manitoba. The model was able to reproduce both snow depth and
SWE observations at the seasonal scale and, on an annual basis,
streamflow observations at multiple scales in the STC basin, and the
model performance was adequate for capturing the spatiotemporal
dynamics of observations at larger scales.

Following the model setup and performance evaluation, detailed
investigations identified four seasonal hydro-climatic patterns affect-

ing rainfall and snowmelt runoff generation:

Pattern 1. (wet summer after dry winter): low snowmelt runoff, high
rainfall runoff, below average annual runoff, high contribution of
heavy rainfall days (225 mm/day) to seasonal rainfall depth (fr),
low winter snowfall, and substantial subsurface soil moisture stor-
age depletion.

Pattern 2. (dry summer after wet winter): heavy winter snowfall, sig-
nificant volume of snowmelt runoff lasting for few weeks, over-
winter ice lenses forming and restricting infiltration during snow-
melt, blowing snow transport out of the basin, low rainfall runoff,
low fr, above average annual runoff, and substantial subsurface soil
moisture storage gains.

Pattern 3. (wet winter and summer): high snowmelt and rainfall run-
off due to high winter snowfall and high fr, over-winter ice lense
formation restricting infiltration during snowmelt, above average
annual runoff, blowing snow transport from the basin, and slight
depletion in subsurface soil moisture storage.

Pattern 4. (dry winter and summer): low snowmelt and rainfall runoff
due to smaller snowfall and low fr. Variable subsurface soil mois-
ture storage dynamics which depended on rainfall runoff volumes.
The findings during the drought years (pattern 4) are supported by
previous scientific studies (e.g., Fang & Pomeroy, 2007; Fang &
Pomeroy, 2008).

The hydro-climatic patterns identified have useful implications for
anticipating future hydrological responses in southern Manitoba.
Bonsal et al. (2013) projected greater drought frequency and severity
using the Palmer Drought Sensitivity Index and higher perseverance
of multi-year drought using standardized precipitation index in the
southern prairies. The Palmer Drought Sensitivity Index-based sce-
nario can easily be linked with pattern 4 to predict future runoff
responses. Further, the standardized precipitation index-based sce-
nario is more comparable to the multi-year dry period (2002-2004).
Sushama, Khalig, and Laprise (2010) examined future drought
characteristics using a Canadian Regional Climate Model and
predicted an increased number of dry days and longer dry spell

duration (April-September) as well as greater occurrence of heavy

rainfall days over the southern prairies. Such a scenario is comparable
to the summers having high fr values as seen in 2002.

Patterns 1 and 2 are years with “contrary extremes” that have an
inverse relationship between seasonal runoff responses which has
major implications for the prairie economy because both patterns are
linked with extensive flooding. In this study, an extreme rainfall runoff
event during pattern 1 year was coincident with summer flooding
(early June) that was devastating for regional agriculture. In contrast,
a massive spring snowmelt runoff event was also concurrent with
spring flooding during pattern 2 year, resulting in significant damage.
However, the following summer after spring flooding was very dry.
As a consequence, some farmers in southern Manitoba filed both flood
and drought insurance claims for the 2009 growing season (Govern-
ment of Manitoba, 2012). These results showing contrary extremes
in seasonal hydro-climatic responses are useful for predicting
hydrological responses and risk of natural disasters.

The fractional percentage of heavy rainfall days in summer
seasons (fr) was helpful to understand differences in runoff volume
and key thresholding behavior. Summers having low fr generated no
rainfall runoff whilst the summers with high fr produced extreme
rainfall runoff volumes. However, high temporal resolution (e.g., hourly
or sub-hourly) rainfall data are needed for improving understanding of
runoff generation during wet summers because runoff generation
depends on rainfall rate rather than total rainfall volume.

The comparison between a snow hydrology model and a simple
implementation of a snowmelt infiltration to frozen soil equation from
meteorological data (Granger et al., 1984) clearly illustrated the impor-
tance of considering ice lens formation as a driver of increasing snow-
melt runoff and the role of blowing snow ablation in modifying
snowmelt runoff during wet winter years. High snow accumulation
does not necessarily mean high spring runoff but also requires a wet
preceding fall to restrict infiltration to frozen soils and is enhanced
by winter and early spring thaws or rain-on-snow events that cause
basal ice layer formation between the snowpack and frozen ground.
Warmer climates in the future are expected to influence snow accu-
mulation, ice lens formation, restricted infiltration, and snowmelt
timing. The impacts of warmer winters may reduce the frequency
and likelihood of ice lens formation during snowmelt, which may
increase snowmelt infiltration and lessen snowmelt runoff in the wet
winters of patterns 2 and 3 years (Dumanski, Pomeroy, & Westbrook,
2015; Rasouli et al., 2014).

Spring snowmelt and summer rainfall runoff are both contributors
to annual runoff in the basin, but their contributions differ markedly
from year to year. Snowmelt runoff production depends primarily on
winter snowfall, infiltration status during the snowmelt period, and
ablation of blowing snow. In contrast, rainfall runoff generation relies
on summer fr, duration of rainfall event, and rainfall rate. These indi-
rectly control summer infiltrability and the ability to generate overland
flow. Snowmelt runoff is the more reliable and stable source of prairie
annual runoff while the rainfall runoff contribution fluctuates greatly
from year to year depending on the intensity and duration of rainfall
storms (Dumanski et al., 2015).

There are important implications for water quality. Nutrient export
is altered by land use in this basin and also by hydrological and climatic

factors (Liu et al., 2014a). Within the Lake Winnipeg Basin, increases in
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flows and in particular in flooding are hypothesized to be a major driver
of the recent increase in phosphorus loads associated with eutrophica-
tion (McCullough et al., 2012). The physically based modeling results
reported here demonstrate that winter snowfall, infiltration status dur-
ing snowmelt, and snow redistribution can play key roles in determin-
ing flows and, as such, are likely to affect nutrient loads (Corriveau,
Chambers, & Culp, 2013). Rainfall runoff can also be an important
mode of nutrient transport in this basin, and findings here suggest that
high-resolution rainfall observations and additional streamflow obser-
vations at distributed locations would be beneficial in simulations of
rainfall runoff and catchment-scale simulations of nutrient export. In
addition to rainfall and streamflow gauges, other observations such
as soil moisture, SWE, evapotranspiration, soil temperature, ground-
water observations (installations of more wells), and distributed soil
hydraulic properties are strongly recommended to improve our pro-

cess understandings and numerical simulations.
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