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Abstract: This paper presents an assessment of the applicability of using RADARSAT-2-derived
soil moisture data in the Hydrologic Modelling System developed by the Hydrologic Engineering
Center (HEC-HMS) for flood forecasting with a case study in the Sturgeon Creek watershed in
Manitoba, Canada. Spring flooding in Manitoba is generally influenced by both winter precipitation
and soil moisture conditions in the fall of the previous year. As a result, the soil moisture accounting
(SMA) and the temperature index algorithms are employed in the simulation. Results from event
and continuous simulations of HEC-HMS show that the model is suitable for flood forecasting in
Manitoba. Soil moisture data from the Manitoba Agriculture field survey and RADARSAT-2 satellite
were used to set the initial soil moisture for the event simulations. The results confirm the benefit
of using satellite data in capturing peak flows in a snowmelt event. A sensitivity analysis of SMA
parameters, such as soil storage, maximum infiltration, soil percolation, maximum canopy storage
and tension storage, was performed and ranked to determine which parameters have a significant
impact on the performance of the model. The results show that the soil moisture storage was the
most sensitive parameter. The sensitivity analysis of initial soil moisture in a snowmelt event shows
that cumulative flow and peak flow are highly influenced by the initial soil moisture setting of the
model. Therefore, there is a potential to utilize RADARSAT-2-derived soil moisture for hydrological
modelling in other snow-dominated Manitoba watersheds.
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1. Introduction

Flooding is a common occurrence in the Red and Assiniboine River sub-basins; part of the larger
Lake Winnipeg basin in Southern Manitoba, Canada. Of the ten highest recorded floods on the Red
River dating back to the 1800s, four have occurred in the last twenty years. This includes the 1997
flood, which stands as the third largest flood ever recorded on the Red River. In 2011, the Assiniboine
River experienced a one in 145 year flood and the largest in recorded history lasting over 120 days [1].
Floods of this magnitude have a devastating impact, resulting in damage to homes, infrastructure and
lost agricultural production. Costs for recovery programs and investments in flood infrastructure are
shared by all levels of government and cost billions of dollars [2].

The majority of Manitoba floods are caused by spring snowmelt (freshet) events in late April and
May [3]. Spring flooding in Manitoba watersheds is greatly influenced by the soil moisture condition
of the previous fall along with the snow received in the watershed [2,4]. The freeze-thaw cycle in
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Manitoba is connected to flooding and the timing of the peak. The ground often stays frozen while
the surface snow begins to melt. This can create dramatically large volumes of surface runoff, as
there is low to null soil infiltration. The freeze-thaw cycle can act as the trigger of flooding [5]. These
physical processes need to be considered in order to provide accurate flood forecasting.

Watershed models are tools to incorporate all relevant surface processes to provide runoff
volumes for flood forecasting. Presently, the Hydrologic Forecast Center (HFC) of Manitoba is using
the Manitoba Antecedent Precipitation Index (MANAPI) model for flood forecasting in Manitoba.
MANAPI is an event-based model, computing a single runoff value for a watershed or sub-watershed
from rain or snowmelt events. The model computes snowmelt from historical events representing
either average, rapid or gradual melt. MANAPI uses a relationship that relates runoff to the ‘total
winter precipitation” and the ‘antecedent precipitation index (API)". The relationship is based on
historical events and is unique to the watershed. Therefore, it cannot simulate a unique runoff
response that has not been experienced in the past and which is significantly different from the
average of the historical events. MANAPI is not capable of computing runoff from events that
involve a significant variation in input, such as freeze-melt cycles. There are other known limitations
of MANAPI in addressing complex watershed processes, such as precipitation and depression
storage [6]. The MANAPI was last reviewed in 1985. Since then, many developments in hydrologic
modelling procedures have occurred. The 2013 Flood Task Force recommended that the Province
of Manitoba should examine other hydrological models to assess which model may best meet its
forecasting requirements [2]. As a result of the recommendation, the HFC has selected the Hydrologic
Modelling System developed by the Hydrologic Engineering Center (HEC-HMS) as one of the models
to be tested. HEC-HMS was selected due to its flexibility and applicability in other regions for flood
forecasting.

The uncertainty in flood forecasting is largely associated with hydro-meteorological input and
the selection of hydrological model parameters [7,8]. There are known sources of uncertainty in
initialization of the model for soil moisture. Soil moisture estimates from satellite data are increasingly
used for hydrological modelling, as measured data are sparse [9,10]. Tramblay et al. [11] stated that
satellite data products are able to reproduce reasonably accurate daily soil moisture dynamics at
the catchment scale. Li et al. [12] presented recent advancements on integrating remotely-sensed
satellite soil moisture data using a rainfall-runoff model for rain fall-driven flood forecasting.
Massari et al. [13] used the initial wetness condition from globally available soil moisture retrievals
in a simplified rainfall-runoff model to simulate rainfall events in a Mediterranean catchment.
Xu et al. [14] provided a review on the integration of remote sensing data and hydrological modelling.
Soil moisture measurements derived from satellite data were reported to be an improvement over
field measured data due to improved spatial scale. Furthermore, several studies confirmed the
use of satellite estimates of antecedent wetness conditions for flood modelling [9,11]. Knowing the
importance of antecedent soil moisture in flood event modelling, none of these studies attempted
integrating remotely-sensed soil wetness to provide the initial setting of a cold region’s hydrological
model. McNairn et al. [15] tested the accuracy of RADARSAT-2 data to estimate surface soil moisture
and were able to estimate volumetric soil moisture with a root mean square error (RMSE) of 5.37%.
Given these advancements, this study will examine the applicability of using soil moisture data
derived from the RADARSAT-2 satellite as initial setting values of HEC-HMS in simulating flood
events in a cold region watershed. The specific objectives of the current research are as follows:

(a) to assess the wusability/applicability and potential benefits of HEC-HMS using
RADARSAT-2-derived soil moisture estimates in the snowmelt-dominated Sturgeon Creek
watershed and;

(b) to test the sensitivity of initial soil moisture in setting the HEC-HMS model for flood forecasting.
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2. Study Area and Data

The Sturgeon Creek watershed is located northwest of the City of Winnipeg, Manitoba, Canada.
Figure 1 illustrates the geographic location of the watershed along with the location of a flow gauge
(ID#05M]J004) and three weather stations. The watershed has an effective drainage area of 545 km?.
The watershed slopes towards the southeast and flows through the Rural Municipality of Rosser
and through the City of Winnipeg before discharging into the Assiniboine River. The landscape is
relatively flat with elevations ranging from a high of 279 m (upstream) and 231 m. The upper reaches
of the watershed are higher sloped (up to 1.2%) compared to the middle and lower reaches (as low as
0.05%). Soils in the upstream portion of the watershed are composed of a thin layer of black to dark
grey clay loams overlying a mixed parent material of lacustrine clay and extremely calcareous clay
loam tills. The middle reach of the watershed is a nearly level landscape with stratified layers of loam,
fine sand and deep lacustrine clay deposits. The lower reach is a level landscape with thick lacustrine
clay deposits. As such, surface drainage is very slow, resulting in the development of surface drains
and stream channelization to improve the flow of water off agricultural lands. Agriculture is the
dominant land use in the watershed with 75% of the land base devoted to annual crop production.
Forage and pasture grasslands account for 16% of the land cover. Wetlands are less than 1% [16,17].
LiDAR (light detection and ranging) elevation data, provided by the Province of Manitoba, are used
for GIS analysis to derive topographic information for HEC-HMS modelling and to delineate the
watershed. Different watershed data, such as precipitation, snow depth and outflow, were collected
and examined to identify dominant hydrological processes.
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Figure 1. Study area: Sturgeon Creek watershed in Manitoba, Canada. The index map shows the
provincial boundary and the location of the watershed in the circle.

2.1. Flow Data

Discharge data used in this study were collected from the Water Survey Canada (WSC) data
portal. The Water office provides public access to real-time hydrometric data through the https://
wateroffice.ec.gc.ca/ site, accessed on 4 July 2015 at the Sturgeon Creek (#05M]J004) gauging station
located at St. James. The geographic location of the station is at latitude 49°52’ 54” N and longitude
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97° 16’ 47" W. The gauge station measures seasonal flow data from 1 March-31 October. Annual
peak flows (1965-2014) from the Sturgeon Creek gauge were analysed. During this time, the highest
daily flow of 82.7 m3/s was recorded in 1974. Two other high peak flows of 67.1 m®/s and 63.2 m3/s
were recorded in 2009 and 1979, respectively. The time series of peak flows were segmented into
five ten-year intervals in order to evaluate dry-wet hydrological cycles. Jacob and Lorenz [18] used
ten-year segments to examine variability and trends of a hydrologic cycle. Figure 2 depicts the five
ten-year intervals of daily average flow at the gauge station and shows that the peak of the creek
appears during the spring snowmelt.
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Figure 2. Flow data (1965-2014): average of ten-year segments at the Sturgeon Creek (#05M]004)
gauging station.

2.2. Weather Data

Precipitation and temperature data used in this study were obtained from two Environment
Canada and Climate Change (ECC) weather stations at Winnipeg and Marquette, as well as one
Manitoba Agriculture (MA) weather station at Woodlands. The locations of the weather stations
are shown in Figure 1. The daily meteorological data used in the modelling were reviewed for
consistency, and any missing records were replaced with data from nearest neighbouring stations.
Sub-watershed temperatures were assigned from the closest neighbouring station, and a lapse rate
of 5 °C/1000 m was used. Precipitation data were interpolated across the sub-watershed using the
inverse-distance-squared weighting method.

The weather station at Marquette is selected as the representative station due to data availability
and quality. The climate normal (1971-2000) of the station shows the average high and low
temperature as 19.5 °C and —17.5 °C for the months of July and January, respectively. The mean
annual average temperature is 2.9 °C. Precipitation statistics at the Marquette station shows that the
watershed receives most summer rainfall starting from the middle of May to the end of July. Average
annual precipitation (2005-2014) recorded at the Marquette station is 540 mm, whereas the highest
and lowest annual precipitation received at the station is 790 mm and 328 mm, respectively.

Figure 3 provides a plot of snow depth over 10 years at the Marquette station. Depending on
the snow year, maximum depth varies from 20 cm-60 cm. At the Marquette station, snow starts to
accumulate in the middle of November. Snow melt typically begins the first week of March and is
finished by the end of April. The snowmelt may act as the trigger of flooding [5]; therefore, evaluating
the snow depth variable may provide more insight into the interaction of hydrological processes
within the watershed.

Although during event modelling, water loss due to evaporation may be neglected, it must be
included for continuous modelling. The monthly evaporation values were estimated for the entire
watershed using Thornwaite’s method [19]. Calculated monthly evapo-transpiration (ET) values
were entered manually for each sub-watershed with a coefficient value of 0.7. The model calculates
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the potential ET as the product of the monthly value and the coefficient for all time periods of the
month according to the model’s setting [20]. Thornwaite’s methodology is adopted to estimate ET, as
only temperature data were available.
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Figure 3. Snow depth (in cm) measured at the Marquette station.

2.3. Soil Moisture Estimates from RADARSAT-2 Satellite Data

RADARSAT-2 is a synthetic aperture radar (SAR) satellite operating at 5.4 GHz. The intensity
of microwave energy scattered at this frequency is primarily driven by the dielectric constant
(and hence, the amount of water) in a target illuminated by the satellite. The physically-based integral
equation model (IEM) is used to estimate the volume of moisture in the top few centimetres of the soil,
using backscatter intensity recorded by RADARSAT-2 [21,22]. The real dielectric constant is retrieved
using backscatter at horizontal transmit-horizontal receive (HH) and vertical transmit-vertical receive
(VV) polarizations and the local SAR incident angle. Volumetric soil moisture is then derived from the
real dielectric constant using a dielectric mixing model. RADARSAT-2 was programmed to acquire
an image over the Sturgeon Creek Watershed, on 15 October 2014 (Figure 4a). This was the last
satellite acquisition date available prior to the soil freeze-up. As the soil temperature approaches
zero, the dielectric properties of the water in the soil change. Under frozen conditions, backscatter is
no longer sensitive to the soil dielectric, and thus, inversion of RADARSAT-2 data for soil moisture
is not valid. Data were collected by the three Real-time In-situ Soil Monitoring for Agriculture
(RISMA) stations. RISMA stations data operated by Agriculture and Agri-Food Canada (AAFC)
can be obtained through the http://aafc.fieldvision.ca/ site, accessed on 14 November 2016. The
stationslocated in the watershed confirmed that for all RADARSAT-2 acquisition after 15 October
2014, soil temperature was below freezing. The 15 October acquisition was the closest available
image before the freeze-up and, thus, was used to establish the initial soil moisture state given that
the soil moisture remains static once soils have frozen. The output image is a pixel-by-pixel estimate
of percent volumetric soil moisture, 0 (m3m~3), ata spatial resolution of 13.6 m. Pixel-based estimates
of soil moisture were then binned into eight moisture intervals. In Figure 4a, pixels displayed in red
shades represent soils at lower saturation, and green toned pixels represent higher saturation. White
areas are regions outside of the satellite image or non-annual cropped areas (grasslands, trees, urban,
open water) where soil moisture values cannot be retrieved. The estimated soil moisture ranges
between 0.029 m®m~3 and 0.550 m3m 3 over the area. ArcGIS was used to overlay the pixel-based
(rasterized) soil moisture product with the sub-watershed polygons to calculate average soil moisture
values for each sub-watershed (Figure 4b) excluding no data pixels. The image did not cover the
entire watershed (i.e., the missing part of Sub-watersheds W670 and W780). Average soil moisture
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for Sub-watersheds W670 and W780 were estimated assuming similar soil moisture retrievals for the
missing part of the sub-watershed. The HEC-HMS model requires soil saturation (in percent), which
is calculated using Equation (1).

S=0x¢ ! x100 )
¢=1—pp/ps )

where S is the saturation percentage, ¢ is the volumetric water content from RADARSAT-2 data, ¢
is porosity, py, is bulk density and ps is specific density. Three measured bulk densities of 1.04, 1.39
and 1.32 gm/cm? are used in this study for the southern, middle and northern sub-watersheds of
Sturgeon Creek, respectively [23]. Soil porosity (¢) is calculated following Equation (2) using specific
density (ps) as 2.65 gm/cm?.
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Figure 4. Soil Moisture retrieved using a RADARSAT-2 satellite image acquired on 15 October 2014.
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2.4. Fall Soil Moisture Survey Data

Each year, Manitoba Agriculture prepares a fall soil moisture map using field survey
data. Details of fall soil moisture maps can be seen from http://www.gov.mb.ca/agriculture/
environment/soil-management/manitoba-fall-soil-moisture-survey.html. These maps are generated
from core samples that are taken from approximately 100 fields across southern Manitoba. The fields
are sampled in mid-late October, prior to freeze-up. The samples are weighed and oven-dried to
determine their soil moisture level. The 2014 surface (0-30 cm) soil moisture map is used to establish
the initial state of soil moisture for the event modelling. Due to the sparse measurements and highly
generalized nature of the fall soil moisture survey, one soil moisture value of 40% is used to represent
the initial saturation for the entire watershed.

3. HEC-HMS Model

The HEC-HMS model is designed to simulate the complete hydrological processes of a dendritic
watershed system [24]. The model can be applied to analyse flooding, flood frequency, flood warning
system planning, reservoir and spillway capacity studies, etc. [25]. The model can be used for both
continuous and event-based modelling. Many researchers have successfully used HEC-HMS [26-28]
for flood event modelling. The soil moisture accounting (SMA) algorithm has been successfully
used in continuous simulation of the model [29-31]. A snow model is essential in order to capture
flood peak and timing in the spring snow melt-dominated watersheds in Manitoba [2]. Gyawali
and Watkins [32] tested the temperature index snow accumulation and melt algorithm of HEC-HMS
in snow-affected watersheds in the Great Lakes basin. However, no studies have reported the
application of HEC-HMS in a snow-dominated Manitoba, Canada, watershed.

The HEC-HMS (Version 4.0) model is grouped into four major input components, such as
the watershed model, the meteorological model, the data manager and the control manager.
The watershed model is the representation of real-world objects and describes the different elements
of the hydrological system, such as sub-watershed, reaches, junctions, sources, sinks, reservoirs and
diversions. Each of these elements needs some parameters to define their interaction in a hydrological
system. These elements are inter-linked to facilitate the flow of water and to create a dendritic
network [24]. Table 1 provides a list of different parameter methods selected in the watershed model.
A simple canopy is selected, as no changes of canopy (i.e., dynamic canopy) are expected. A simple
surface is selected to provide simple representation of the soil surface where rainfall on the soil surface
is stored until the storage capacity of the surface is filled.

In order to set-up the HEC-HMS for the Sturgeon Creek Watershed, a hydrologically-corrected
DEM was created from LiDAR data by re-sampling the DEM at a 15-m resolution. River network,
road network and bridge/culvert data from the Manitoba Land Initiative (MLI) were used to create a
hydrologically-conditioned DEM. Land cover and soil properties were also processed and re-classed
using ArcGIS. Terrain pre-processing steps, such as filling sink, flow direction, flow accumulation,
stream/drainage line processing and watershed delineation, were performed using ArcHydro Tools
and ArcGIS. The HEC-GeoHMS was used to extract physical parameters necessary for the HEC-HMS
model setup. The HEC-HMS can easily import the setup data from HEC-GeoHMS to construct a
project and schematic for the model.

Figure 5 presents a schematic of the Sturgeon Creek Watershed prepared by HEC-HMS.
The schematic shows sub-watersheds, reaches, junctions, sources and sinks of the watershed.
The HEC-HMS was set up as a semi-distributed model by sub-dividing the catchment into 19
sub-watersheds. The sub-division of the catchment is performed by following the stream and road
network, as well as underlying soil properties. The semi-distributed setup allowed us to examine
governing hydrological processes in the sub-watersheds.
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Table 1. Selected methods of HEC-HMS model.

Basin Model Meteorological Model
Parameter Method  Selected Method Parameter Method Selected Method
Canopy Simple Canopy Precipitation Inverse Distance
Surface Simple Surface Evaporation Monthly Average
Transform SCS Unit Hydrograph Snowmelt Temperature Index
Base Flow Recession Shortwave None
Routing Muskingum
Loss Soil Moisture Accounting

R&T0

Outlett

Figure 5. The schematic of the Sturgeon Creek Watershed created by HEC-HMS. The naming of
sub-watersheds, reaches and junctions begins with W, R and ], respectively.

The HEC-HMS tracks snowmelt and accumulation using the temperature index method. Melt
rates are calculated dynamically based on the current atmospheric condition and past conditions
of the snow pack. The temperature index method was set up and calibrated in order to capture
the spring snow melt peak. This method is governed by a threshold temperature, which separates
snowfall from rainfall denoted by PXtemperature. There is a base temperature that distinguishesmelt
from non-melt periods of snow. The temperature index method does not account for sublimation
from and condensation to the snow pack. The final calibrated parameter values are shown in Table 2.
The antecedent temperature index (ATI) melt-rate and cold-rate functions are specified separately
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in the model. The temperature index model includes parameter data for each sub-watershed
in the meteorological model. Each sub-watershed must have one elevation band defined in the
meteorological model.

In this study, the SMA method was used to account for vegetative canopy retention and
to simulate the movement of water through the soil surface and the deeper soil profile to the
groundwater layers [20]. These layers provide wetting and recovery cycles of soil moisture for
long-term continuous hydrological simulations. SMA requires the initial soil moisture condition to
be specified at the beginning of the simulation. The soil moisture map derived from RADARSAT-2
(Figure 4) was used as the basis of initial soil moisture. The HEC-GeoHMS was used to build a
project setup for the SMA loss method. The parameters needed for SMA (maximum infiltration rate,
soil storage, tension zone storage and soil zone percolation rate) were estimated using Manitoba
land use, land cover and soil databases. Soil profile data were also used for the estimation of
soil parameters of the SMA model. The soil percolation rate was based on the average hydraulic
conductivity of soil profile data. The SCS unit hydrograph was used with lag time estimated by
employing HEC-GeoHMS with an empirical relationship. The recession method is used for base flow
calculation. The simple Muskingum routing is selected to route flow through the channel.

Table 2. Snow melt input parameters for the temperature index method.

Parameter Unit Value
PX Temperature ? °C 1.7847
Base Temperature °C 0.6294
Wet Melt Rate mm/°C-day 0.9876
Rain Rate Limit mm/day 2

ATI *-Melt Rate Coefficient - 0.9995
Cold Limit mm/day 20
ATI-Cold Rate Coefficient - 0.9995
Water Capacity % 10
Ground Melt mm/day 0

® The PXtemperature is used to differentiate between precipitation falling as rain or snow; ! Antecedent
Temperature Index.

3.1. Model Evaluation

Model calibration and validation were conducted based on simulated and observed daily flow
data at the gauging station. The model parameters were first calibrated using automated calibration
methods available in the HEC-HMS model. The automated calibration procedure uses an iterative
method to minimize the objective function in order to obtain agreement between simulated and
observed flow data [24]. The precise adjustments of parameters were obtained through manual
calibration.

Many different test criteria have been developed to assess the efficiency of a hydrological model
calibration [33-35]. For this study, the Nash—Sutcliffe (N;) coefficient of model efficiency [36] and the
deviation of runoff volumes (D,) were used to measure the goodness-of-fit between the observed
and simulated flow time series. Higher values of Ny (closer to one) indicate better agreement.
Henriksen et al. [37], Table 4, suggested that values of Ns between 0.5 and 0.65 are good; 0.65-0.85
are very good; and >0.85 are excellent. For a perfect model the D, is equal to zero. The D, value
emphasizes volume conservation and is not sensitive to errors in streamflow timing or seasonality.

A sensitivity analysis of the model was performed to understand the complex relationships
amongst model parameters and variables. The sensitivity analysis determines which parameters
significantly impact model performance and provides an estimate of the precise value of each
parameter. This analysis of SMA parameters was conducted by varying each input parameter by
£10% on each step without changing other parameters.
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4. Results and Discussion

The HEC-HMS model simulations were performed for a single flood event, as well as continuous
simulation over the Sturgeon Creek Watershed.

4.1. Event Modelling

The HEC-HMS event model was set up for a 28 March 2015 (12:00) to 6 April 2015 (12:00) flood
event. The event hydrological modelling was performed using hourly time steps to understand
fine-scale hydrological processes and to respond to the quantity of surface runoff, peak and timing
of peak. Two event simulations are presented in this study to demonstrate the benefits of using the
initial state of soil moisture measurement from satellite data. Simulation 1 utilizes one soil moisture
value from the Fall Soil Moisture Survey. Simulation 2 is performed using soil moisture values for
each sub-watershed estimated from RADARSAT-2. Results from the event simulation are presented
in Figure 6.
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Figure 6. Event modelling of hourly flow series on an event of 28 March 2015 (12:00) to 6 April 2015
(12:00) for the Sturgeon Creek Watershed. Simulation 1 utilizes one soil moisture value from the
Fall Soil Moisture Survey, while Simulation 2 utilizes initial soil moisture values from RADARSAT-2.
(a) Comparison of the observed and simulated hydrograph; (b) the distribution of points is shown
from the y = x line.

The comparison of observed and simulated hourly flow series of the event using RADARSAT-2
shows that the simulated peak matches well (within 3%) with the peak values of measured flow.
However, the timing of the simulated peak was earlier than that observed. Furthermore, the small
peaks of the simulated flow series did not match with the observed. These small peaks may be
the result of localized melt events, which could not be captured by the model. The Nash-Sutcliffe
coefficient of efficiency (N;) and the deviation of runoff volume (D,) are found to be 0.74 and —4.83%,
respectively. These values are within acceptable ranges.

The simulated hourly flow series of the event using data from the Fall Soil Moisture Survey
does not agree well with the observed flow event. The event peak was underestimated by —10%;
and other small peaks were also underestimated. The model performance measures Ny and D, were
0.31 and —34.2%, respectively. The two simulations differ only in the state of initial soil moisture.
The difference in the generation of peaks in the event model simulations was clear. Given the small
number of sampling points and the generalization of the data of the Fall Soil Moisture Survey, only
one surface soil moisture value can be used to represent the initial saturation value of the watershed.



Hydrology 2017, 4,9 11 0f 19

With the differences in soil, landscapes and precipitation, this value may not be representative of soil
moisture within the individual sub-watersheds. The initial melt at the surface may have been retained
at the sub-watershed and added to the soil water content to reach a threshold before contributing to
runoff at the outlet. This could be the most probable reason of underestimating the peak flow and
cumulative outflow. A sensitivity test of initial soil moisture is provided in Section 4.3.2.

4.2. Continuous Modelling

The parameters obtained from the calibrated HEC-HMS for event modelling were used to set
up a continuous simulation. The continuous simulation was performed with the SMA model using a
daily time step and compared with flow series of 1 March 2014-1 June 2014. A continuous multi-year
simulation was not done in this watershed, as measured flow data are only available from 1 March-31
October each year.

Figure 7a presents a comparison of observed and simulated output from the continuous
modelling of daily flow series for the Sturgeon Creek Watershed. The model simulated timing of the
peak matches well, but the peak flow is overestimated by 21%. Furthermore, other small peaks were
not well captured. The deviation of runoff volume (D,) was —17.9%; the Nash-Sutcliffe coefficient of
efficiency (Ns) was 0.87. Figure 7b presents the scatter plot of simulated flow vs. measured flow and
shows a strong positive correlation (0.95). The line of correlation 1.0 (i.e., y = x line) is also shown in
the plot.
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Figure 7. Continuous modelling of daily flow series for the Sturgeon Creek Watershed. The calibration
is performed for 2014 from 1 March 2014-1 June 2014. (a) Comparison of observed and simulated
hydrograph; (b) distributions of points are shown from the y = x line.

A second continuous model simulation was performed for 2011 using the 2014 parameters.
Figure 8a depicts simulated flow data compared to observed flows. The 2011 simulation also shows
that the timing of peak flow arrival is well captured, but the peak flow volume is over-estimated by
13%. The D, and N; were found to be —7.22% and 0.88, respectively. Figure 8b presents the scatter
plot, which shows a strong positive correlation (0.94).
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Figure 8. Continuous modelling of daily flow series for the Sturgeon Creek Watershed. The validation
is performed for 2011 starting from 1 March 2011-1 June 2011. (a) Comparison of observed and
simulated hydrograph; (b) distributions of points are shown from the y = x line.

The model performance results are summarized in Table 3. Event Simulation 2 showed improved
performance over Simulation 1 due to well-defined initial soil moisture values from the RADARSAT-2
satellite data in all sub-basins. Performance indicators presented in Table 3 also reveal that the
flow simulations generated by the HEC-HMS model are suitable for the Sturgeon Creek Watershed.
Several authors [33,38,39] have successfully used these indicators for the performance evaluation of
hydrological models. Henriksen et al. [37], Table 4, suggest that values of N; obtained in this study
are in very good agreement.

Table 3. Performance measures of the HEC-HMS model.

Model Duration Dev. of Runoff  Nash
Simulation Volume, D, (%) Co-efficient, Ny
Event (Simulation 2) 28 March 2015-6 April 2015  —4.83 0.74

Event (Simulation 1) 28 March 2015-6 April 2015 —34.25 0.31
Continuous 01 March 14-1 June 2014 —-17.9 0.87
Continuous 01 March 11-1 June 2011 —7.22 0.88

The snow melt process is important for this Manitoba watershed due to spring flooding [3].
The snow depth data from the ECC station at Marquette were used for validation in this study.
Following the method described by Strum et al. [40], the snow depth was converted to snow
water equivalent (SWE) using a bulk density value of 0.312 gm/cm®. The HEC-HMS simulates
SWE as an internal variable. Figure 9a presents a comparison of simulated SWE from four different
sub-watersheds with the measurements from the Marquette weather station. The simulated SWE
from different sub-watersheds follows closely with the measurements at the Marquette station.
The timing of the snow melt is considered a crucial process for hydrological models in order to capture
the appearance of flood peak for forecasting. The timing of the snow melt in different sub-watersheds
shows a good agreement with observed spring snow melt in Figure 9a. Figure 9b plots the
relationship of observed snow depth and temperature, which shows that the snow accumulation
and melt closely follow the observed temperature variation.
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Figure 9. Validation of snow water equivalent (SWE) and timing of spring melt with temperature.
(a) Comparison of measured and simulated snow water equivalent (SWE); (b) observed snow
accumulation and melt pattern with temperature.

4.3. Snowmelt Model

4.3.1. Sensitivity of SMA Parameters

In the non-winter months, Prairie watersheds follow a sequence of wetting and drying periods.
For a specific rainfall event, the initial moisture condition at the beginning of the rainfall event will
have a major influence on a watershed’s hydrological response. The initial soil moisture sensitivity
on event modelling from this study revealed this fact as discussed in Section 4.3.2. Due to wetting and
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drying during a continuous simulation, the model state reaches a value that is no longer dependent
on the models’ initial soil moisture saturation. In this study, the influence of initial soil moisture in a
continuous HEC-HMS simulation is examined and found not sensitive (not presented).

Other important SMA parameters such as soil storage, soil percolation, tension storage,
maximum infiltration and maximum canopy storage were tested within +40% variation.
The sensitivity of each parameter was tested against the simulated runoff volume at the outlet
of the watershed. The percent change of parameters was done individually by £10% increments
while keeping other parameters unchanged. Results from each parameter sensitivity test to the
percent change in runoff volume are presented in Table 4. The slope of each parameter’s sensitivity
was estimated using Theil-Sen’s [41,42] non-parametric slope estimator. This method chooses the
median slope among all lines through pairs of two-dimensional sample points. Ranking of each SMA
parameter is performed using Theil-Sen’s slope. It is evident from the Table 4 that the soil storage is
ranked the most sensitive parameter for simulated stream flow in this watershed.

Table 4. Sensitivity of SMA parameters tested in Sub-watersheds W1100 and W870.

Percent Soil Soil Tension Maximum GW1 Max Canopy
Deviation Storage Percolation Storage Infiltration Storage Storage
(%) (mm) (mm) (mm) (mm/h) (mm) (mm)
Sub-Watershed W1100

40 —20.06 —16.07 17.02 —15.20 —0.28 -9.73
30 —1583 —12.98 11.40 -12.11 —0.24 —9.02
20 —-11.04 —9.14 6.93 —8.46 —0.16 —7.36
10 —5.74 —4.87 3.36 —4.71 —0.08 —4.63
0 0.00 0.00 0.00 0.00 0.00 0.00
—10 6.73 5.54 —2.89 5.32 0.12 5.70
—20 15.43 11.79 —6.02 11.74 0.28 12.74
-30 27.78 18.60 —8.94 18.84 0.44 20.74
—40 48.12 26.39 —11.83 28.08 0.67 28.41
Slope * (b)  0.68 0.52 —0.33 0.51 0.01 0.50
Ranking 1 2 5 3 6 4
Sub-Watershed W870

40 -16.67 —11.34 5.92 —-8.19 —0.07 —6.41
30 -12.87 —8.80 4.53 —6.84 —0.07 —2.82
20 —8.86 —5.89 3.38 —4.65 —0.04 -1.37
10 —4.62 —3.23 1.42 —2.56 —0.03 —0.49
0 0.00 0.00 0.00 0.00 0.00 0.00
—10 519 3.12 —0.72 3.13 0.00 0.52
—20 10.81 6.36 -1.13 8.39 0.04 4.56
—30 17.53 10.45 -1.77 14.03 0.07 9.65
—40 25.09 13.38 —2.12 21.97 0.11 12.12
Slope (b) 0.50 0.31 —0.12 0.32 0.00 0.21
Ranking 1 3 5 2 6 4

“ Slope is estimated using Theil-Sen’s method.

As shown in Table 4, other SMA parameters, such as maximum infiltration, soil percolation,
maximum canopy storage and tension storage, can be ranked as sensitive. The SMA parameter
sensitivity between Sub-watersheds W1100 and W870 also varies (i.e., soil percolation and maximum
infiltration). A recent study presented by Roy et al. [43] demonstrated the variation of parameter
sensitivity over different sub-watersheds. The sensitivity analysis of SMA parameters helps to
understand the soil moisture accountability of the model.
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4.3.2. Initial Soil Moisture

The event modelling of HEC-HMS was set up with the SMA loss method (Table 1) where
the initial soil moisture condition was specified as the percentage of soil that is saturated with
water at the beginning of simulation. The initial sub-watershed soil moisture (m*m~%) shown in
Figure 4 is converted to soil saturation (%) using Equation (1) and used as the initial value for the
HEC-HMS simulation.

In order to test the sensitivity of the initial soil moisture, the calibrated event model was
used. Table 5 shows the sensitivity test of initial soil moisture over three sub-watersheds in the
Sturgeon Creek. During calibration, the initial soil moisture of the W610 sub-watershed was set to
45.5% saturation, which is equivalent to 0.229 m®m~3 volumetric moisture. For the purpose of the
sensitivity test, the input soil moisture is set to 60% soil saturation (0.326 m*m~3) and 25% saturation
(0.125 m3m—3).

Table 5. Sensitivity of peak flow (m3/s) and cumulative flow (1000 m3) at different initial soil
moistures. Results from three sub-watersheds (W610, W690, and W1000) are shown.

Sub-Watershed Sensitivity Watershed Sensitivity
Initial Soil Peak  Diff. * Cum. Cum. Peak  Diff. Cum. Cum.
Moisture Flow  Peak Outflow Flow Flow Peak Outflow Flow

(m3/s) (%) (1000 m3)  Diff. (%) (m3/s) (%) (1000 m3) Diff. (%)
Sub-watershed W610, bulk density 1.32 gm/ cm®

Calibration;  0.229 0.4 429 39 1097

m3m 3 /45.5%.

0.326 m®*m=3/60% 0.8 +100  94.6 +121 43 +10 1148 +5

0.125m®m=3/25% 0.1 —75 12.3 —71 3.7 -5 1067 -3
Sub-watershed W960, bulk density 1.39 gm/cm3

Calibration; 0291 0.8 101.1 39 1097

m3m—3 /61.1%.

0215m3®m=3 /45% 04 —50 51.5 —49 3.8 -3 1048 —4

0125m®m=3 /25% 0.2 —-75 229 —77 3.8 -3 1020 -7
Sub-watershed W1000, bulk density 1.04 gm/cm3

Calibration; 0243 1.1 155.3 3.9 1097

m3m=3 /40%.

0364m®m=3/60% 1.9 +73 313.8 +102 42 +8 1254 +14

0151m3m=3/25% 05 —55 67.5 —57 38 -3 1010 -8

“. Differences are calculated based on calibration output. A (+) sign indicates percent increase and a (-) sign
indicates percent decrease from the calibration results.

The result of the initial soil moisture change to 60% shows an increase in peak and cumulative
flow by 100% and 121%, respectively, for the sub-watershed. Increasing the initial soil moisture to
60% also resulted in an overall increase in the peak discharge and cumulative flow by 10% and 5%,
respectively. The result of initial soil moisture change to 25% shows a decrease in peak and cumulative
flow by 75% and 71%, respectively, for the sub-watershed. Decreasing initial soil moisture to 25% also
resulted in an overall decrease in the peak discharge and cumulative flow by 5% and 3%, respectively.

Similar sensitivity tests on the initial soil moisture setting on two other sub-watersheds
(i.e., W960 and W1000) were also performed. These are presented in Table 5, where high sensitivity
on individual sub-watersheds can be seen as peak flow changes are in a range of 50%-75%, and
cumulative flow changes are in a range of 49%-102% due to the change of initial soil moisture
saturation on a sub-watershed. The overall impact on peak and cumulative flow due to the change of
initial soil moisture on sub-watersheds is within a range of peak difference of 3%—-8% and cumulative
flow difference of 4%-14%. It can be concluded from these tests that the modelled peak flow and
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cumulative output flow are very sensitive to the antecedent soil moisture condition. This confirms a
similar study by [44,45], which concluded that HEC-HMS simulations are highly influenced by initial
soil moisture on flood generation.

5. Conclusions

This study investigated the applicability of the Hydrologic Modelling System developed
by the Hydrologic Engineering Center (HEC-HMS) in the Sturgeon Creek watershed; a snow
melt-dominated watershed in Manitoba, Canada. Soil moisture was estimated from RADARSAT-2
satellite data and subsequently used to set the initial soil water content of the HEC-HMS model’s
event simulation. Event and continuous modelling of HEC-HMS has been performed in order
to confirm the applicability of the model in Manitoba basins. Model performance measurements
indicate that simulated flows are in good agreement with the observed results. The study also
demonstrated that HEC-HMS and the temperature index method were able to accurately simulate
the timing and magnitude of a spring snowmelt. Therefore, the model is well suited to determine
runoff values for flood forecasting and other purposes.

Analysis of SMA parameters was performed to understand the sensitivity of each parameter on
the movement and storage of water through different layers. Results from the analysis identified soil
storage as the most sensitive parameter. A sensitivity analysis of initial soil moisture was performed
to provide changes in peak flow and cumulative flow of the watershed and sub-watersheds under
different saturations. The results confirm that peak flow in a snowmelt event is highly influenced by
the initial soil moisture setting of the model.

Soil moisture information from RADARSAT-2 and the Fall Soil Moisture Survey of Manitoba
were used to set the initial soil moisture states for two event simulations. Modelled flow data using
the Fall Soil Moisture Survey did not agree well with observed flows. However, soil moisture data
from RADARSAT-2 substantially improved the agreement between modelled and observed flows.
These results demonstrate the ability of RADARSAT-2 to improve the performance of hydrology
models over the Fall Soil Moisture Survey, which is based on field-collected data to define the soil
moisture state. Satellites have a much greater ability to provide accurate soil moisture information
with improved spatial /temporal resolution and coverage over the entire watershed.

This study supports the Hydrologic Forecast Center (HFC) and their efforts to find and to select
an appropriate hydrology model for flood forecasting in Manitoba as recommended by the Flood
Review Task Force [2]. The HFC has implemented MANAPI, which uses precipitation data from a
sparse station network to define an antecedent precipitation index (API) map. MANAPI computes
a single runoff value for a selected watershed from an event based on historical data. MANAPI is
not capable of addressing complex watershed processes. Historical data for a graphical relationship
of runoff-precipitation-API were not available for the Sturgeon Creek Watershed. Therefore, an
MANAPI runoff value could not be compared with the event simulation.

This is the first attempt to use RADARSAT-2-derived soil moisture in hydrological modelling in
an area where flooding events are caused by snowmelt. Despite the efforts to make the research
comprehensive, further studies using RADARSAT-2-derived soil moisture for other Manitoba
watersheds and for other years should be done to validate and enhance the findings of this study.
Although this study only used one year (2014) of satellite soil moisture data for event modelling,
the results indicate that the initial setting of RADARSAT-2-derived soil moisture can improve
the performance of HEC-HMS and can be an appropriate tool for flood forecasting at the HFC
in Manitoba.
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Abbreviations

The following abbreviations are used in this manuscript:

AAFC Agriculture and Agri-Food Canada

ECC Environment and Climate Change Canada
MA Manitoba Agriculture

SAR Synthetic aperture radar

RADARSAT Canadian remote sensing Earth observation satellite
HEC-HMS Hydrologic Modelling System developed by the Hydrologic Engineering Center

SMA Soil moisture accounting

MANAPI Manitoba Antecedent Precipitation Index model

WSC Water Survey Canada

HFC Hydrologic Forecast Center

DEM Digital elevation model

LiDAR Light detection and ranging

IEM Integral equation model

HH Backscatter horizontal transmission and horizontal receive

\'AY% Backscatter vertical transmission and vertical receive

SCS Soil Conservation Service

SWE Snow water equivalent
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