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Executive Summary

This report describes the development of the Prairie Hydrological Model (PHM), a model
that is suitable for hydrological process simulations in the prairie pothole region of
Western Canada. The model considers all major prairie hydrological cycle, wetland
storage, and runoff generation mechanisms and is capable of addressing the influences of
changing land use, wetland drainage and climate variability. The purpose of this report is
to describe the model, examine the performance of the model, and to demonstrate the
model as a predictive tool for prairie hydrology. This purpose is achieved by using the
model to analyze the impacts of wetland drainage and restoration as well as changes in
surrounding upland land use on downstream hydrology. This focus on wetland drainage
impacts required the development and testing of a new volume-area-depth (v-a-#) method
for estimating wetland volume in the prairie pothole region. The method was
incorporated into the PHM and improved the model’s ability to estimate wetland volume.

The Cold Regions Hydrological Model platform (CRHM) is a computational toolbox
developed by the University of Saskatchewan to set up and run physically based, flexible,
object oriented hydrological models. CRHM was used to create the PHM for Smith Creek
Research Basin (~400 km?), Saskatchewan. Two types of PHM runs were performed to
estimate the basin hydrology. The non-LiDAR (Light Detection and Ranging) runs used
a photogrammetric based DEM (digital elevation model) to estimate drainage area and
hydrograph calibration to determine maximum depressional storage. The LiDAR runs
used a fine-scale LiDAR derived DEM to determine drainage area and maximum
depressional storage; use of LIDAR information meant that calibration was not required
to set any parameter value. In both cases all non-topographic parameters were
determined from basin observations, remote sensing and field surveys.

Both LiDAR and non-LiDAR model predictions of winter snow accumulation were very
similar and compared quite well with the distributed snow survey results. The simulations
were able to effectively capture the natural sequence of snow redistribution and relocate
snow from ‘source’ areas (e.g. fallow and stubble fields) to ‘sink’ or ‘drift’ areas (e.g. tall
vegetated wetland area and deeply incised channels). This is a vital process in controlling
the water balance of prairie basins as most water in wetlands and prairie river channels is
the result of redistribution of snow by wind and subsequent snowmelt runoff. Soil
moisture status is an important factor in determining the spring surface runoff and in
controlling agricultural productivity. Unfrozen soil moisture content at a point during
melt was adequately simulated from both modelling approaches.

Both modelling approaches were capable of matching the spring streamflow hydrographs
with good accuracy; the non-LiDAR approach performed slightly better than the LiDAR
approach because the streamflow hydrograph was calibrated, whereas no calibration was
involved in the LiDAR simulation. However, the LiDAR approach to simulation shows
promise for application to ungauged basins or to changing basins and demonstrates that
prairie hydrology can be simulated based on our current understanding of physical
principles and good basin data that provides “real” parameters. The approach uses a



LiDAR DEM, SPOT 5 satellite images and involved automated basin parameters
delineation techniques and a new wetland depth-area-volume calculation.

The new wetland depth-area-volume calculation used a LiDAR-derived DEM to estimate
maximum depressional storage, a substantial improvement over estimates generated from
simpler area-volume methods. This was likely due to the inclusion of information on
depression morphology when calculating volume. Further, the process to retrieve the
coefficients from a LIDAR DEM was automated and wetland storage was estimated at a
broad spatial scale. A GIS model was created that can automatically extract the elevation
and area data necessary for use in the new depth-area-volume method.

Using the Prairie Hydrological Model, PHM, a series of scenarios on changing land use
and wetland and drainage conditions was created from 2007-08 meteorological data. The
scenario simulations were used to calculate cumulative spring basin discharge, total
winter snow accumulation, blowing snow transport and sublimation, cumulative
infiltration, and spring surface depression storage status. From these simulations, spring
streamflow volumes decreased by 2% with complete conversion to agriculture and by
79% with complete restoration of wetlands; conversely it increased by 41% with
complete conversion to forest cover and by 117% with complete wetland drainage. The
greatest sensitivity was to further drainage of wetlands which substantially increased
streamflow. Additional sensitivity analysis of scenarios on basin streamflow using
historical (29-year periods: 1965-82 and 1993-2005) meteorology and initial conditions
and current land use was carried out. Results showed that the effects of land use change
and wetland drainage alteration on cumulative basin spring discharge volume and peak
daily spring discharge were highly variable from year to year and depended on the flow
condition. For both forest conversion and agricultural conversion and wetland drainage
scenarios increased the long-term average peak discharge from current conditions,
whereas wetland restoration reduced it. Forest conversion, agricultural conversion and
wetland drainage scenarios increased the long-term average spring discharge volume by
1%, 19%, and 36% respectively; whilst the wetland restoration scenario reduced volumes
by 45%.

Several recommendations were made regarding the modelling challenges faced by this
study and value of local meteorological data collection and using a LiDAR generated
DEM for Prairie hydrological modelling purposes. It is recommended that similar studies
be conducted in other geographic areas of the prairies where climate, soils, wetland
configuration and drainage may produce differing results.
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1. Introduction

The Canadian Prairies cover the southern part of the provinces of Alberta, Saskatchewan,
and Manitoba and are the northern limit of the North American Great Plains. The
northern fringe of the Prairies is covered by Parkland, which was a mixed deciduous
forest, wetland, and grassland complex that has been largely cultivated to cereal grains
and oilseeds or converted to pasture since European settlement over 100 years ago. The
Prairies are characterized by relatively low precipitation especially in the southwest part
due to the atmospheric flow barrier imposed by the Rocky Mountains and experience
frequent water deficits and low soil moisture reserves (Agriculture and Agri-Food Canada,
1998). Annual precipitation in the prairie region of Saskatchewan ranges from 300-400
mm (Pomeroy et al., 2007a), about one third of which occurs as snowfall (Gray and
Landine, 1988). The Prairies are a cold region and exhibit classical cold regions
hydrology with continuous snowcover and frozen soils over much of the region in the
winter. Great variation in hydrology exists across the Prairies, with fairly well-drained,
semi-arid basins in the southwest part and with many wetlands and lakes in the Parklands
of the sub-humid north central and eastern parts.

The hydrology of the central Prairies is characterized by:

» Jong periods of winter (usually 4-5 months) with occasional mid-winter melts
(frequent in the southwest and infrequent in the northeast), with the snowcover
modified by wind redistribution and sublimation of blowing snow (Pomeroy et al.,
1993),

* high surface runoff from the major spring snowmelt event as a result of frozen state
mineral soils at the time and the relatively rapid release of water from snowpacks
(Gray et al., 1985),

= deep soils characterized by good water-holding capacity and high unfrozen
infiltration rates (Elliott and Efetha, 1999),

* most rainfall occurring in spring and early summer from large frontal systems and the
most intense rainfall in summer from convective storms over small areas (Gray, 1970),

= very low levels of soil moisture, plant growth, evaporation and runoff from mid-
summer to fall due to low rainfall (Granger and Gray, 1989),

* poorly-drained stream networks such that large areas are internally drained and do not
contribute to the major river systems (Martin, 2001).

The Prairie landscape is characterized by numerous small post-glacial depressions known
locally as “sloughs” or “potholes” that are important wetlands for wildlife and for
groundwater recharge. The majority of these wetlands do not drain to any natural
external drainage system (LaBaugh ef al., 1998) and are internally drained forming
closed basins (Hayashi et al., 2003). In normal conditions these internally drained basins
are considered non-contributing areas (Godwin and Martin, 1975). Depressional wetlands
occasionally connect to one another during wet conditions through the “fill and spill”
mechanism (van der Kamp and Hayashi, 2009). Their water balance is influenced by
redistribution of snow from adjacent upland areas, incident precipitation, local snowmelt
runoff, evapotranspiration, groundwater exchange, and antecedent status of soil and
depressional storage (Fang and Pomeroy, 2008; van der Kamp and Hayashi, 2009).



Depending on the water balance, these wetlands vary from being shallow and seasonal to
deeper and relatively permanent. The depressional wetlands are important hydrological
elements as they have great storage capacity (Hayashi et al., 2003) which can regulate
peak runoff. They are also valuable habitats for North American waterfowl (Smith et al.,
1964). However, hydrology of these wetlands is very sensitive to changes in air
temperature, seasonal precipitation and other climatic variability (Poiani et al., 1995;
Fang and Pomeroy, 2008; van der Kamp et al., 2008). Land use alteration in surrounding
upland areas can produce noticeable impacts on snowpack trapped by wetland vegetation,
surface runoff to wetlands, and wetland pond level (van der Kamp ef al., 2003; Fang and
Pomeroy, 2008).

Substantial efforts have been made to investigate the hydrological processes governing
prairie wetlands in terms of surface and subsurface hydrological processes, dynamics of
wetland storage, and surface runoff (Woo and Rowsell, 1993; Hayashi et al., 1998;
Berthold et al., 2004; Spence, 2007; van der Kamp and Hayashi, 2009). Hydrological
modelling systems have been developed to focus on predicting water balance for large
scale basins with considerable wetland storage (Vining, 2002; St. Laurent and Valeo,
2007; Wang et al., 2008), whereas physically based models integrating more cold regions
hydrological processes have been assembled to simulate hydrological processes for the
individual closed wetland basin (Su et al., 2000; Pomeroy et al., 2007b; Fang and
Pomeroy, 2008). In light of the hydrological and ecological importance of prairie
wetlands, the objectives of this study are to:

1. develop a physically based, modular Prairie Hydrological Model that includes land use,
wetland drainage and storage effects on streamflow generation, wetland storage and other
hydrological variables and states;

2. develop an automated basin delineation technique using LIDAR DEM,;

3. evaluate the model performance in hydrological simulations by comparing with
observations of snow accumulation, soil moisture, wetland characteristics, and
streamflow;

4. compare the model simulation using parameters derived from coarse photogrammetric
based DEM, SPOT 5 imagery, and Upper Assiniboine Study method in estimating
depression storage with the model simulation using parameters estimated from SPOT 5
image, high resolution LiDAR DEM, and automated techniques for basin delineation and
basin surface storage;

5. develop and test a simplified volume-area-depth method for wetland storage
calculation using a LIDAR DEM;

6. use the Prairie Hydrological Model and driving hydrometeorology and landcover
information to create scenarios of land use and wetland drainage change and estimate the
corresponding hydrological sensitivity.



2. Literature Review on Canadian Prairie Hydrology

2.1 Prairie Hydrological Cycle

The main processes in the prairie hydrological cycle are shown in Figure 1. Snow is an
important water resource on the Prairies. Approximately one third of annual precipitation
occurs as snowfall, which produces 80% or more of annual local surface runoff (Gray and
Landine, 1988). There are three scales describing the spatial variability of snow
accumulation — micro (10 to 100 m), meso (100 m to 10 km), and macro (10 to 1,000 km)
(Pomeroy and Gray, 1995).

In the Canadian prairie environment, snow accumulation is highly heterogeneous at
micro and meso scales, due to wind redistribution of snow, also known as blowing snow.
Redistribution is primarily from open, well exposed sites to sheltered or vegetated sites.
There are three modes of movement involved in the transport of blowing snow — creep,
saltation, and suspension (Pomeroy and Gray, 1995). Blowing snow transport forms
snowdrifts, usually in sloughs, drainage channels or river valleys; this windblown snow
provides an important source of runoff and controls streamflow peak and duration
(Pomeroy et al., 2007a). Even though small scale heterogeneity in snow accumulation is
caused by snow transport, sublimation of blowing snow contributes substantially to over-
winter ablation. Seasonal sublimation of blowing snow consumes 15%-40% of seasonal
snowfall on the Canadian Prairies (Pomeroy and Gray, 1995). Blowing snow in the open
environments can transport and sublimate as much as 75% of annual snowfall from open,
exposed fallow fields in southern Saskatchewan, how much of this can end up in a drift
depends on field size, temperature, humidity and wind speed (Pomeroy and Gray, 1995).

The blowing snow process is largely affected by local topography and surficial vegetation
cover (Pomeroy ef al., 1993; Fang and Pomeroy, 2009), because both induce variations in

Prairie Winter Hydrological Processes Prairie Summer Hydrological Processes

Snowfall Snowfall

Evaporation Blowing Snow Sublimation

Blowing Snow

Transport Runoff

Snow Accumulation

Runoff Melt

Frozen Soil Infiltration Soil Water Movement Infiltration

Groundwater Flow

Groundwater Flow Fercolation/Discharge
e —

Figure 1. Prairie hydrological cycle: left — winter processes, right — summer processes.



wind speed which in turn affects wind redistribution of snow. In absence of vegetation
cover, a leeward slope has much higher snow accumulation than does a windward slope
(Steppuhn, 1981; Pomeroy and Gray, 1995). Others (e.g. Lapen and Martz, 1996) have
similar findings, suggesting that the spatial distribution of snow depth in a Prairie
agricultural landscape is strongly affected by the orientation of slopes and their relative
position to other topographic features. Different land covers impose variations in surface
roughness, which in turn cause wind speeds to change and affect the spatial distribution
of snow accumulation. Pomeroy et al. (1990) found that southern Saskatchewan wheat
stubble fields had substantially smaller losses to blowing snow than did fallow fields.
Vegetation height in these agricultural fields plays an important role. As the stubble
height increases from 1 to 40 cm on agricultural fields near to Regina, the loss to blowing
snow decreases by 22% of the mean seasonal snowfall (Pomeroy et al., 1990). At Bad
Lake, Saskatchewan, snow accumulation into coulees with tall shrubs was increased by
approximately 50% to 100% above that contributed by the seasonal snowfall, the increase
attributed to transport of blowing snow (Pomeroy et al., 1998).

Snowmelt is one of the most important hydrological events on the Prairies. Melting
water from snow recharges the soil moisture and groundwater storage through infiltration
and replenishes reservoirs, lakes, and rivers through surface runoff (Norum et al., 1976).
The amount of water from snowmelt is controlled by energy exchange at the snow
surface, and meltwater is produced when the snowpack is isothermal at a temperature of
0°C (Male and Gray, 1981).

Seasonal rainfall mainly occurs in the period from May to early July in the prairie region
and provides water for the growth of crops. Most of the rainfall is consumed by seasonal
evapotranspiration, which leads to little surface runoff during the summer period. The
primary mechanisms for most rainfall events during spring and early summer on the
Prairies are frontal weather systems, while the most intense short duration rainfalls are
associated with local-scale convective storms (Gray, 1970). A detailed study of rainfall
was conducted in a semi-arid area of southwestern Saskatchewan — the Bad Lake
Research Basin, emphasizing the spatial and temporal variability of rainfall in this region
with indications for gauging network design for a prairie basin (Dyck and Gray, 1976).

Infiltration is the process by which water flows through soils, involving a three-step
sequence: entry of water into the soil surface, transmission through the soil, and
diminishing storage capacity in soils (Musgrave and Holtan, 1964). The process is
governed by the combined influence of gravity and capillary forces (Gray, 1970; Kane
and Stein, 1983). In the winter, infiltration on the Prairies is into frozen soils. Through
intense field studies of snowmelt infiltration carried out on agricultural land in west-
central Saskatchewan, Gray et al. (1985) proposed a classification that separates the
frozen prairie soils to three groups depending on their infiltrability: restricted, limited,
and unlimited. It is a widely used classification (e.g. Gray et al., 1986, 2001; Zhao and
Gray, 1997) that has been extended to boreal and tundra soils. Unlimited class soils are
extremely porous and include coarse sands and gravels or cracked clays; all melting water
infiltrates to these soils, resulting in no surface runoff. Restricted class soils are
completely saturated, and include wet heavy clays or soils with an impeding layer such as



an ice lens resulting from a mid-winter melt; as a result they are impermeable so that all
snowmelt water goes to runoff. Limited class soils are unsaturated soils of moderate
texture that can infiltrate 10% - 90% of snowmelt water with higher quantities for drier
soils. The unsaturated frozen soil system is by far the most complex soil system with two
solid components: soil and ice, and two fluid components: water and air and yet it is very
common in natural systems (Kane and Stein, 1983). Infiltration into such a system is a
complicated process involving coupled heat and mass flow with phase changes (Zhao and
Gray, 1997; Zhao et al., 1997; Gray et al., 2001). Infiltration into unsaturated frozen soils
can be described by two regimes: a transient regime and a quasi-steady-state regime. The
transient regime follows immediately after the application of water; the infiltration rate
decreases rapidly during this regime. The transient regime is followed by quasi-steady-
state regime in which changes in the infiltration rate with time are relatively small (Zhao
and Gray, 1997; Zhao et al., 1997). The soil moisture content in the previous fall and the
occurrence of major melt events in mid-winter are extremely important in controlling
snowmelt runoff rates in the subsequent spring (Pomeroy et al., 2007a). Field
investigations conducted in the western and central regions of Saskatchewan indicate that
the infiltration of snowmelt water is enhanced up to six-fold by sub-soiling, or ripping, to
a depth of 60 cm (Pomeroy et al., 1990). In the summertime, infiltration from rainfall is
enhanced when the soil is thawed and this usually leads to minimal surface runoff.
Limited runoff is due to the combined effects of infrequent rainfall, and rainfalls of short
duration as well as the high infiltration capacity of prairie soils which are most often
unsaturated at the surface.

Evapotranspiration is driven by the net radiation to the surface and by convection of
water vapour from wet surfaces and plant stomata to the relatively dry atmosphere. In
winter, both radiation and convection are relatively low and plant stomata are not
exposed, thus evaporative water loss during winter is much lower compared to the
summer evapotranspiration. During summer, evapotranspiration consumes most rainfall
on the Prairies and occurs quickly via direct wet surface evaporation from water bodies,
rainfall intercepted on plant canopies and wet soil surfaces; it occurs more slowly as
unsaturated surface evaporation from bare soils and as transpiration from plant stomata
(Granger and Gray, 1989). Evapotranspiration, directly from bare soils and indirectly by
transpiration, withdraws soil moisture reserves and eventually results in soil desiccation if
there are no further inputs of water from rain or groundwater outflows. On average,
seasonal evapotranspiration loss is close to seasonal rainfall in Saskatchewan, with
amounts less than rainfall occurring in exceptionally wet or cool years, especially in the
east and north of the agricultural region. Locally higher rates of evapotranspiration occur
from sloughs and wetlands, where redistribution of spring snowmelt runoff water into
topographic depressions or groundwater outflows provide for wet surface conditions
through much of the summer (van der Kamp et al., 2003).

Groundwater recharge usually occurs in water filled depressions such as sloughs,
wetlands and pothole lakes through the infiltration of ponded water into the soil column
and deep percolation below the rooting depth (Hayashi et al., 2003). Much of the
infiltration water for shallow groundwater recharge is exhausted by evapotranspiration by
plants; grasses in particular have deep roots (Parsons et al., 2004). This leads to very low



and steady deep groundwater flow rates; 5-40 mm year' is a reported range of annual
groundwater recharge rates in the prairie (van der Kamp and Hayashi, 1998).

2.2 Prairie Runoff Generation

The Prairies are characterized by numerous small depressional wetlands also known as
“sloughs” or “potholes”. The majority of the depressional wetlands do not integrate to
any natural external drainage system (LaBaugh et al., 1998) and are often internally
drained forming closed basins (Hayashi et al., 2003); in normal conditions these basins
are termed non-contributing areas (Godwin and Martin, 1975) and are illustrated in
Figure 2. Other areas do drain to streams. These wetlands occasionally connect to one
another through a fill-and-spill runoff mechanism (Spence and Woo, 2003) under very
wet conditions (van der Kamp and Hayashi, 2009).

The seasonality of Prairie water supply is marked. In fall and winter, water is stored as
snow, and lake and ground ice; in early spring, water supplies are derived from rapid
snowmelt resulting in most runoff; in late spring and early summer, water is stored as soil
moisture and surface water, whose stores are sustained and sometimes replenished by
rainfall. Snowmelt water contributes 80% or more of annual surface runoff for Prairie
streams (Gray and Landine, 1988). However, due to the aridity and gentle topography of
prairie landscapes, natural drainage systems are poorly developed, disconnected and
sparse, resulting in surface runoff that is both infrequent and spatially restricted (Gray,
1970). Recent artificial drainage activities have increased runoff to streams and wetlands
in some regions. Flow in the main prairie rivers originates in the Rocky Mountains.
Pomeroy et al. (2007a) indicated that the springtime peak stream discharge of North
Saskatchewan River at Deer Creek is related to the prairie and parkland snowmelt,
whereas the peak discharge in the early summer is due to snowmelt in the Rocky
Mountains.

Surface runoff generation is affected by the climate variation over the Prairies. Much of
the Canadian prairie region lies in the Palliser Triangle, where droughts frequently
develop, and water resources are under tremendous stress during droughts. A synthetic
drought analysis at a typical semi-arid prairie site suggests that spring stream discharge
drops substantially under warmer and drier conditions and ceases completely when winter
precipitation decreases by 50% or winter/spring air temperatures rise by 5 °C during
drought (Fang and Pomeroy, 2007). Water supply to wetlands, which are excellent
wildlife habitat, is in shortage during drought due to lower discharge of surface runoff
from local catchments. Figure 3 shows the water level of a typical wetland pond at St.
Denis NWA near Saskatoon and shows much lower spring pond levels in a drought
period compared to a non-drought period due to suppressed snowmelt runoff.
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Figure 2. Non-contributing areas of drainage basins as delineated by PFRA (image from
Pomeroy et al., 2007a).
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Figure 3. Observed springtime water levels in pond 109, St. Denis NWA during 1997-
2005 (Fang and Pomeroy, 2008). Water level data acquired from van der Kamp et

al., 2006.

2.3 Landcover and Wetland Effects on Prairie Hydrology

Landcover exerts great control on the prairie hydrology and is an essential factor
affecting snow accumulation process in the southern agricultural region. Table 1 shows
blowing snow sublimation and transport losses for fallow and stubble fields in various
parts of Saskatchewan (Pomeroy and Gray, 1995). Stubble fields have substantially less
loss to transport and sublimation of blowing snow when comparing to fallow fields, about
31-60% and 14-24% less transport and sublimation losses, respectively. Thus, the
seasonal snow accumulation in stubble fields approximately ranges 1.1-2.1 times that in
fallow fields with greater difference in the more southern agricultural region.

Table 1. Blowing snow transport and sublimation losses for fallow and stubble fields of 1
km length in Saskatchewan (winter is Nov — Mar).

Station Snowfall Winter Winter Land Transport Sublimation  Accumulation
(mm) Temp. Wind Use (mm) (mm) (mm)

(°0) Speed

(m/s)
Prince 103 -11.6 4.5 Stubble 9 24 70
Albert Fallow 13 28 62
Yorkton 125 -10.6 4.7 Stubble 10 19 96
Fallow 16 29 80
Regina 113 -8.9 6.0 Stubble 21 38 54
Fallow 41 46 26
Swift 132 -6.7 6.6 Stubble 15 29 88
Current Fallow 38 38 56

Figure 4 shows the landcover effect on a prairie water balance for a year with near
normal precipitation. The water balance is for Creighton Tributary of the Bad Lake



Research Basin in south-western Saskatchewan; the water balance for each landcover and
a spatially area-weighted average for the whole basin are shown. 85 % of basin area
(11.4 km?®) is cultivated field (Gray et al., 1985), with 31% summer fallow (fall-spring
1974-75) then grain crop (summer 1975), 54% stubble (fall-spring 1974-75) then grain
crop (summer 1975), 15% brush coulee where there is a seasonal stream. The water
balance was calculated from observations and model output from the Cold Regions
Hydrological Model set up for upland prairies (Pomeroy et al., 2007a). Over the winter,
the coulee (a ‘sink’ of blowing snow) gains snow by 85 mm, while the fallow and stubble
fields (‘source’ of blowing snow) lose snow by 22 mm and 8 mm, respectively. During
spring snowmelt, runoff is 5 times higher than infiltration on fallow fields due to nearly
saturated frozen soils, and 6 times higher than infiltration in the coulee due to deep
snowpacks and frozen soils, but infiltration is slightly higher than runoff on the stubble
fields due to dry soils from the previous year’s cropping, resulting in reduced runoff.
During the growing season in early June, the fallow field has lost a net 85 mm of soil
moisture since fall, while soil moisture in the stubble field remains relatively constant
with infiltration from snowmelt balancing evaporation in fall, spring and early summer.
Runoff is dominated by the coulee, with the fallow field also making a large contribution
(Pomeroy et al., 2007a).
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Figure 4. Water balance of Creighton Tributary of Bad Lake Basin, Saskatchewan (from
Pomeroy ef al., 2007a).

Land use in the catchments of prairie wetlands plays a vital role in controlling the water
supply to the wetlands. Studies have been conducted in an upland prairie wetland area —
St. Denis NWA, Saskatchewan to investigate the effects of land use on the surface soil
hydraulic properties and hydrological processes (Bodhinayake and Si, 2004; van der
Kamp et al., 2003). They indicate that wetlands within the areas converted from



cultivated fields to grasslands have lower surface runoff from melting snow compared to
the wetlands within the cultivated areas. Even though more snow is trapped in wetlands
within the grasslands area (van der Kamp et al., 2003), the soil cracks or macropores
develop after long undisturbed period, resulting in unlimited soil infiltrability that enables
all melting water to infiltrate into soils in the grasslands (Gray et al., 2001). This leads to
the drying out of wetlands (van der Kamp et al., 1999). This finding has application in
prairie wetland hydrology. In the semi-arid south-western prairies, water shortages could
be alleviated if agricultural cropland is retained in the vicinity of wetlands, so that
wetlands can be replenished from spring snowmelt runoff due to snow redistribution and
local runoff. Summer fallow acreage increases should increase water availability in such
wetlands. While in the relatively moist north-eastern prairies, the magnitude of annual
spring flooding could be lessened if the wetlands are surrounded by natural grasslands
which retain snow and do not generate much spring runoff, so that the wetland can
remain relatively dry in order to store storm waters and reduce flood peaks.

Prairie landscapes are characterized by formerly glaciated depressions. These depressions
vary in size from 1 m* to 100 km® and often retain water on the surface; small depressions
are regarded as a surface depressional storage term by hydrologists (Hansen, 2000);
whereas large depressions are seen as wetlands or lakes. The water balance of these
wetlands or lakes is influenced by redistribution of snow by wind from adjacent upland
areas, precipitation, evapotranspiration, snowmelt runoff, groundwater exchange, and
antecedent status of soil and depressional storage (Fang and Pomeroy, 2008; van der
Kamp and Hayashi, 2009). Large depressions are very important elements in surface
hydrology as they have great retention capacity (Hayashi et al., 2003). These have a
significant influence on the basin’s runoff repose and timing; the wetlands and lakes in
the upper-basin can delay runoff at the basin outlet substantially (Spence, 2000). Surface
runoff water flows from the basin headwaters during snowmelt and intense rainfall events
to the wetlands and lakes in the upstream areas. This water remains stored in the upper
basin until surface storage is satisfied. After storage is satisfied, additional surface water
spills and flows to the wetlands and lakes further downstream in a cascade fashion,
ultimately reaching the outlet. This is common in basins that are dominated by wetlands
or lakes and is identified as the fill-and-spill runoff mechanism (Spence and Woo, 2003).
The fill-and-spill runoff mechanism is affected by both the location and size of available
surface storage in a basin, which in turn is influenced by hydrological processes within
the landscape units in the basin and inputs from upstream landscape units (Spence and
Woo, 2006). These landscape units are termed hydrological response units by their
behaviour and are described by the temporal pattern of their functions (Spence and Woo,
2006). The fill-and-spill runoff system can also affect the contributing area of basin.
Spence (2006) found that besides the magnitude of precipitation and evaporation loss and
storage capacity of lakes, the contributing area of a basin varied as a function of relative
location of lakes within basin and size of the lakes, which resulted in different basin
streamflow regimes.
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3. Study Site and Field Observations

3.1 Site Description
This study was conducted in the Smith Creek Research Basin (SCRB), which is located
in the eastern Saskatchewan, approximately 60 km southeast of the City of Yorkton as
shown in Figure 5. The SCRB is estimated to have a gross contributing area of about 445
km® based on Ducks Unlimited Canada (DUC) basin delineation shown in Figure 5(b)
and is situated between the Rural Municipalities of Churchbridge and Langenburg.
Agricultural cropland and pasture are the dominant land uses, with considerable amounts
of wetland, native grassland and woodland. Soil textures mainly consist of loam
(Saskatchewan Soil Survey, 1991). The basin is characterized by low relief with
elevations varying from 490 m above sea level in the south basin outlet area to 548 m in
the northern basin; slopes are gentle and range from 2 to 5%. The 30-year (1971-2000)
annual average air temperature at Yorkton Airport is 1.6 °C, with monthly means of -17.9
°C in January and +17.8 °C in July; the 30-year mean annual precipitation at Yorkton
Airport is 450.9 mm, of which 106.4 mm occurs mostly as snow in winter (November-
April) (Environment Canada, 2009). Frozen soils and wind redistribution of snow
develop over the winter, and snowmelt and meltwater runoff normally occur in the early
spring with the peak basin streamflow usually happening in the latter part of April. The
spring snowmelt runoff is the main annual streamflow event in the basin and much of this
runoff accumulates in the seasonal wetlands and roadside ditches. Summer convective
storms are common with a high spatial variability across the basin. Many water control
structures such as road culvert gates exist in the basin and are operated by local farmers
to regulate the runoff in their cropland areas; the gates are closed during extremely high
runoff periods, i.e. during fast snowmelts or intense rain storms but remain open
otherwise. Many wetlands have been drained in recent decades.
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Figure 5. Study site. (a) Extent of northern prairie wetland region (grey shaded area) in
Canada and the United States (Winter, 1989) and the location of Smith Creek
Research Basin (SCRB), and (b) basin area and field observations of rainfall
(SCR), water level (LR), hydrometeorology (SC) and streamflow (SG).
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3.2 Field Data Observations
The field measurement stations at SCRB consist of one Water Survey of Canada stream
depth gauge, a main meteorological station, 10 rain gauge stations, and 7 water level
transducers shown in Figure 5(b). The main meteorological station (SC-1) was set up in
July 2007 and includes the measurements of:
air temperature (°C)
radiation (W/m”: incoming short, long, outgoing short, long, and net-all wave)
relative humidity (%)
wind speed (m/s) and direction (°)
soil moisture (dimensionless and fractional number, 0-40 cm)
soil temperature (°C: 0-20 cm)
snow depth (cm)

e rainfall, and snowfall (mm)
Also, a website http://128.233.99.232/command=RTMCé&screen=SmithCreek is now
running that displays daily weather observations in Smith Creek (Figure 6). This is fed by
a telemetry system using a digital cell phone interface with the station datalogger. The
data is able to inform both investigators and farmers about recent weather observations
and soil moisture status.

Daily Climate Values - Smith Creek Sunday, Octobe
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Figure 6. Website daily weather summary for Smith Creek.
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Figures 7 and 8 show the dataset used in the model, including air temperature, relative
humidity, vapour pressure (kPa), wind speed, precipitation, and radiation. These are
hourly data for two field seasons: 2007-08 and 2008-09. It should be noted that the
vapour pressure is calculated from air temperature and relative humidity. Quality control
was conducted to ensure continuity and reduce errors in the dataset. A few data gaps
were caused by power outages at the weather station and missing data were estimated by
using Yorkton airport weather station meteorological data. Quality control involved
setting any relative humidity above 100% (due to supersaturation) to equal 100%. The
snowfall was corrected for wind-undercatch using the Alter-shield algorithm of
MacDonald and Pomeroy (2007).

In the basin, 10 rainfall stations (SCR) were launched in the summer of 2007. These
stations shown in Figure 9 include a tipping bucket rain gauge and standard storage rain
gauge. The tipping bucket rain gauge measures 5-minute rainfall data over time, giving
information on rainfall events, whereas the storage rain gauge records the cumulative
rainfall over a certain period with high accuracy. These rain gauge stations were operated
during growing season (May-October) of 2008 and early growing season of 2009 and
provide useful information on the spatial variability of rainfall across the basin. Seven
water level stations (LR) were set up in the summer of 2007 (Figure 10) and each station
is instrumented with electronic pressure transducers which are able to automatically
measure and record hourly water levels. The water level stations continue to measure
before the “freeze-up”, giving good estimates of antecedent wetland storage condition for
winter. The water level data for two seasons: 2007 and 2008 were collected. A stream
gauge located at the basin outlet is operated by Water Survey of Canada and has been
recording basin streamflow discharge since 1975.

Field surveys of soil properties and vegetation were conducted in the fall of 2007 and
2008 (Figure 11). Soil samples were collected from the 18 field transects located nearby
the rain gauge and water level stations and were later used to determine the soil moisture
and porosity. These transects were selected to represent characteristic basin land uses:
summer fallow, grain stubble, grassland, woodland, wetland, and drainage channel.
Vegetation height, type, and density were recorded from the same field transects. In
addition, snow surveys were taken from the same field transects over the winter of 2007-
08 and 2008-09 (Figure 12). Each survey comprises of 420 samples of snow depth and
102 samples of snow density; the depth and density were used to estimate the water
equivalent of snowpack.

Archive weather data from 1950s-present in the nearby area: Yorkton, Langenburg, and
Russell were also obtained from Environment Canada Weather Office database. These
data include air temperature, relative humidity, wind speed, precipitation, and sunshine
hour at either hourly or daily time interval. Historical fall soil moisture content data from
1950s-present measured in the area: Yorkton, Langenburg, Russell, and Runnymede were
acquired from Manitoba Water Stewardship. In addition, historical streamflow data was
obtained from Water Survey Canada database and includes daily discharge at outlet of
Smith Creek: Marchwell during 1975-2006. Some of these historical data are shown in
Figure 13.
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Figure 7. Meteorological data during 31October 2007-30 April 2008 at Smith Creek SC-1
station: (a) air temperature (b) relative humidity (c) vapour pressure (d) wind
speed (e) cumulative rainfall and snowfall (f) incident and reflected short-wave
and net all-wave radiation.
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(d)

Wind Speed at Smith Creek Weather Station SC-1
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Figure 7. Concluded.
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(a) Air Temperature at Smith Creek Weather Station SC-1
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(b) Relative Humidity at Smith Creek Weather Station SC-1
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Figure 8. Meteorological data during 31October 2008-1 May 2009 at Smith Creek SC-1
station: (a) air temperature (b) relative humidity (c) vapour pressure (d) wind
speed (e) cumulative rainfall and snowfall (f) incident and reflected short-wave
and net all-wave radiation.
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(d)

Wind Speed at Smith Creek Weather Station SC-1
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(e) Cumulative Rainfall and Snowfall at Smith Creek Weather Station SC-1
120
100 4 Cumulative Rainfall
—— Cumulative Snowfall
80 |
€
£ 60 |
40 -
20
O’ T T T T T T T T T T T T T
\ch \ch \ch \ch \ch & \Qq \Qq \Qq \Qq O O \Qq \Qq
SRR A R R AR SR A G AR A S AR SR
SN S AN G N . N . SR R S N RN
(f) Radiation at Smith Creek Weather Station SC-1
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Figure 8. Concluded.
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Figure 10. Wetland water level transducers in Smith Creek.
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Figure 11. Soil and vegetation surveys in Smith Creek.
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Figure 12. Snow survey transects in Smith Creek.
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Figure 13. Historical data during 1975-2006: (a) mean annual air temperature from
Yorkton (b) total annual precipitation from Yorkton (c) daily discharge in Smith
Creek near Marchwell.
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3.3 LiDAR and non-LiDAR DEM

Two types of DEM were used for various GIS analyses to determine basin physiographic
and surface storage properties. A LIDAR DEM shown in Figure 14(a) was derived from
LiDAR flying mission that was conducted during October 14-16, 2008, and the spatial
resolution of the LIDAR DEM is 1 m with the basin coverage of 445.2 km®. More details
on the collection procedure of LiDAR are described by LiDAR Services International
(2009). A non-LiDAR DEM shown in Figure 14(b) was compiled photogrammetrically
by Ducks Unlimited Canada (DUC) from survey control and digital 1:40,000 stereo
models. The absolute/relative vertical accuracy of this photogrammetric DEM is +/-
1.5m and it was collected originally as a 75 m grid with topographic breaklines such as
road contours, stream channels, etc. The 25 m raster DEM that was provided by DUC for
this project was derived from this base. The area extent is slightly smaller than 445.2 km?
as indicated by the basin boundary (Figure 14(b)).

(@ (b)

Elevation (m)
[_] Smith Creek Research Basin
High : 548

Kilometers

[] Smith Creek Research Basin
Elevation (m)
High : 547

Low : 490

Low: 412

Figure 14. DEMs (a) 1-m LiDAR derived DEM and (b) 25-m photogrammetric based
DEM.

3.4 Remote Sensing of the Basin

Two SPOT 5 10-m multispectral images were acquired on July 5, 2007 and October 1,
2008 (Figure 15). The summer image is good at separating vegetation and non-vegetation
features, and the fall image has good separability for cropland and natural vegetation
covers. Field data for ground truthing were collected nearby the rain gauge and water
level monitoring stations, and additional field sampled points were obtained from DUC
for the purpose of ground truthing. Both images were used for the basin land use
classification.
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(a) (b)

3/
Figure 15. SPOT 5 10-m multispectral images. (a) 2007 summer image and (b) 2008 fall
image.
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4. Prairie Hydrological Model

4.1 Model Description

The Cold Regions Hydrological Model platform (CRHM) was used to develop the Prairie
Hydrological Model (PHM). CRHM is a “state-of-the-art” physically-based hydrological
model and is based on a modular, object-oriented structure in which component modules
represent basin descriptions, observations, or physically-based algorithms for calculating
hydrological processes. The component modules have been developed based on the
results of over 40 years of research by the University of Saskatchewan and National
Water Research Institute in prairie, boreal, mountain and arctic environments. A full
description of CRHM is provided by Pomeroy et al. (2007b). CRHM permits the
assembly of a purpose-built model from a library of processes, and interfaces the model
to the basin based on a user selected spatial resolution. The hydrological processes are
simulated on landscape units called hydrological response units (HRU). HRUs are
defined as spatial units of mass and energy balance calculation corresponding to
hydrobiophysical landscape units, within which processes and states are represented by
single sets of parameters, state variables, and fluxes. HRUs can be finely scaled (hillslope
segment), or coarsely scaled (sub-basin). HRUs in the prairies typically correspond to
agricultural fields (stubble or fallow fields), natural cover (grassland or forest woodland),
and bodies of water (lake or pond) (Fang and Pomeroy, 2008). CRHM has shown good
simulations in a semi-arid, well-drained prairie basin (Fang and Pomeroy, 2007) and in a
sub-humid, poorly and internally drained prairie basin (Fang and Pomeroy, 2008).

A set of physically based modules was linked in a sequential fashion to simulate the
hydrological processes for the Smith Creek Research Basin. Figure 16 shows the
schematic of these modules, and these modules include:

1. observation module: reads the meteorological data (temperature, wind speed, relative
humidity, vapour pressure, precipitation, and radiation), providing these inputs to other
modules;

2. interception module: divides precipitation between rainfall and snowfall depending on
air temperature, and apportions precipitation to canopy modules (if used) or directly to
the soil surface or snowpack.3

3. Garnier and Ohmura’s radiation module (Garnier and Ohmura, 1970): calculates the
theoretical global radiation, direct and diffuse solar radiation, as well as maximum
sunshine hours based on latitude, elevation, ground slope, and azimuth, providing
radiation inputs to sunshine hour module, energy-budget snowmelt module, net all-wave
radiation module;

4. sunshine hour module: estimates sunshine hours from incoming short-wave radiation
and maximum sunshine hours, generating inputs to energy-budget snowmelt module, net
all-wave radiation module;

5. Gray and Landine’s albedo module (Gray and Landine, 1987): estimates snow albedo
throughout the winter and into the melt period and also indicates the beginning of melt
for the energy-budget snowmelt module;
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Figure 16. Flowchart of physically based hydrological modules for PHM.

6. longwave radiation module: estimates incoming longwave radiation for canopy energy
balance estimation under clear or cloudy skies, using the modification of Brutsaert’s
clear-sky longwave formulation by Sicart et al. (2006).

7. PBSM module or Prairie Blowing Snow Model (Pomeroy and Li, 2000): simulates the
wind redistribution of snow and estimates snow accumulation throughout the winter
period;

8. Walmsley’s windflow module (Walmsley et al., 1989): adjusts the wind speed change
due to local topographic features and provides the feedback of adjusted wind speed to the
PBSM module;

9. EBSM module or Energy-Budget Snowmelt Model (Gray and Landine, 1988):
estimates snowmelt by calculating the energy balance of radiation, sensible heat, latent
heat, ground heat, advection from rainfall, and change in internal energy;

10. canopy adjustment for radiation module (Sicart et al., 2004): adjusts the net all-wave
radiation energy where woodland imposes effects of tree canopy on amount of radiation
energy for melting snowpack underneath;

11. all-wave radiation module: calculates net all-wave radiation from the short-wave
radiation and provides inputs to the evaporation module;

12. infiltration module (two types): Gray’s snowmelt infiltration (Gray et al., 1985)
estimates snowmelt infiltration into frozen soils, Green-Ampt infiltration and
redistribution expression (Ogden and Saghafian, 1997) estimates rainfall infiltration into
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unfrozen soils, both infiltration algorithms update moisture content in the soil column
from soil moisture balance with wetland/depression component module;

13. evaporation module (two types): Granger’s evaporation expression (Granger and
Gray, 1989) estimates actual evaporation from unsaturated surfaces, Priestley and Taylor
evaporation expression (Priestley and Taylor, 1972) estimates evaporation from saturated
surfaces or water body, both evaporation update moisture content in the soil column, and
Priestley and Taylor evaporation also updates moisture content in the wetland or
depression from soil moisture balance with wetland or depression component module;

14. Muskingum routing module — the Muskingum method is based on a variable
discharge-storage relationship (Chow, 1964) and is used to route the runoff between
HRUs in the RB. The routing storage constant is estimated from the averaged length of
HRU to main channel and averaged flow velocity; the average flow velocity is calculated
by Manning’s equation (Chow, 1959) based on averaged HRU length to main channel,
average change in HRU elevation, overland flow depth and HRU roughness;

15. soil moisture balance calculation with wetland or depression storage and fill-and-spill
module: this is a newly developed module, specifically for basins such as Smith Creek,
with prominent wetland storage and drainage attributes. This new wetland module was
developed by modifying a soil moisture balance model, which calculates soil moisture
balance and drainage (Dornes et al., 2008). This model was modified from an original
soil moisture balance routine developed by Leavesley ef al., (1983). The changes are to
make this algorithm more consistent with what is known about prairie water storage and
drainage (Pomeroy et al., 2007a). Figure 17 shows a flowchart of the wetland module.
The soil moisture balance model divides the soil column into two layers; the top layer is
called the recharge zone. Inputs to the soil column layers are derived from infiltration
from both snowmelt and rainfall. Evapotranspiration withdraws moisture from both soil
column layers. Evaporation only occurs from the recharge zone, and water for
transpiration is taken out of the entire soil column. Excess water from both soil column
layers satisfies groundwater flow requirements before being discharged to subsurface
flow (representing flow in macropores that occurs in cracking clay, very coarse soils and
in organic soils). The movement of runoff, subsurface discharge and groundwater
discharge between HRUs is calculated by a routing module. Two new components -
depression and pond — were added to the soil moisture balance model to model wetland
drainage. Depressional storage represents small scale (sub-HRU) transient water storage
on the surface of fields, pastures and woodlands. Pond storage represents water storage
that dominates a HRU in wet conditions, though the pond can be permitted to dry up in
drought conditions. The inputs to depressional storage are from surface runoff and
overland flow after the soil column is saturated. After the depressional storage is filled,
overland flow is generated via the fill-and-spill process, in which over-topping of the
depression results in runoff but minimal leakage of water from the depression to sub-
surface storage is permitted before it overtops. Evaporation is permitted from
depressional storage. Pond storage works in a similar manner to depressional storage,
except that the pond area does not have a soil column, and inputs are derived from uphill
surface runoff and infiltration. In the wetland module, both depressions and ponds have
storage capacity; the difference is that depressional storage represents ephemeral
wetlands or drained wetlands on cultivated fields, whilst pond storage characterizes a
large permanent or non-drained wetland or lake.
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4.2 Model Equations
Detailed equations for some of above modules are described in the following section.

4.2.1 Snow Accumulation

The Prairie Blowing Snow Model (PBSM) developed by Pomeroy (1988) assembles the
physically based algorithms to estimate seasonal snow accumulation on Canadian Prairies.
The algorithms update snow accumulation flux, Q4, by calculating saltation, suspension
and sublimation rates of blowing snow described by Pomeroy et al. (1998) as:

QR(F)_QR(O)_

Q,(F)=P~— 7

O [1]

where P is precipitation rate (kg/m/s), F is fetch distance of blowing snow (m), Qg is
downwind blowing snow transport (saltation and suspension) flux (kg/m/s) and QOf is
sublimation flux (kg/m/s). A control volume concept shown in Figure 18 is applied to
estimate the mass fluxes of blowing snow over a certain part of landscape (Pomeroy and
Li, 2000).

Individual fluxes of blowing snow are described by Pomeroy et al. (1993) in the Prairie
Blowing Snow Model (PBSM), which calculates the fluxes of transport by the following
equation:

QR = Qsalt + qusp [2]

where QOqa; and Oy, are the fluxes of saltation and suspension, respectively. The flux of
saltation is estimated by the following equation:

_ C’saltput* *2 *2 *2 3
Qsalt - * u _un _ut [ ]
ug
P Ly
Wind
1 Qe

Q.. Suspension Layer Q...

&u&!) susp
Qo Saltation Layer Q.

R — —»
B Fetch Distance |

Figure 18. Cross-sectional view of control volume for blowing snow mass fluxes.
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Where: Qg1 = saltation transport rate (kg/m/s),
Csat = empirical constant (0.68 m/s),

p = atmospheric density (kg/m’),

g = gravitational acceleration (m/s°),

u = atmospheric friction velocity (m/s),

Uy = friction velocity applied to non-erodible surface elements (m/s), and
u = friction velocity applied to the snow surface (m/s).

Equation [3] was formulated by Pomeroy and Gray (1990) to apply Bagnold’s framework
(1954) for calculating the transport rate of saltating sand to saltating snow. Equation [3]
includes the total atmospheric shear stress, 7, shear stress applied to non-erodible surface
elements, 7,, and shear stress applied to erodible surface elements, 7, to estimate the mean
weight of saltating snow. The various types of shear stress are related to the
corresponding friction velocity — u', uy , and u,". The friction velocity is calculated as a
function of the wind profile:

y = u_k (4]
In[=]
2y
where: u, = wind speed at height of z (m/s),
k = von Karman’s constant (0.4),
Zo = aerodynamic roughness height (m).

The non-erodible friction velocity, u, " was found to equal zero for complete snow covers
without exposed vegetation; the threshold friction velocity, u,, is the friction velocity at
which transport ceases and was found in the range of 0.07-0.25 m s for fresh, loose
snow and higher range of 0.25-1.0 m s for old, dense snow (Pomeroy and Gray, 1990).

The flux of suspension is estimated by the following equation:

* Zp

Oy = I n(z)In(=-)dz [5]
k i Z,
where: Qqusp = suspension transport rate (kg/m/s),

u = atmospheric friction velocity (m/s),

k = von Karman’s constant,

Z = upper boundary of suspension (m),

h' = lower boundary of suspension (m),

n(z) = mass concentration of suspended snow (kg/m’) at height z, and

Zo = aerodynamic roughness height (m).
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Pomeroy and Gray (1990), fitting wind speed measurements, found an expression for the
aerodynamic roughness height over complete snow covers as a function of friction
velocity, u :

2

z,=0. 1203§—g [6]

The lower boundary of suspension, k", which defines the saltation-suspension interface
was found to relate to friction velocity, u :

h=0.08436u"" [7]

Pomeroy and Male (1992) developed an expression relating the mass concentration of
suspended snow to height, z, and friction velocity, u :

17(z) = 0.8exp[—1.55(4.784u" % — z034)] 8]

PBSM models the sublimation rate based on the energy equilibrium of radiation,
convection of snow particles, water vaporation from snow particles, and sublimation
(Schmidt, 1991). The sublimation rate is approximated by the following equation:

2rro - 0, [LSM —lj

dm _ A TNu\ RT (9]
d L (LM A
A TNu\ RT Dp Sh
where: r = radius of a snow particle possessing mass m,
c = ambient atmospheric undersaturation of water vapour with respect to ice,

Q: =radiative energy absorbed by the particle,

Ly = latent heat of sublimation (2.838 x 10° J kg™),

M = molecular weight of water (18.01 kg mol™),

Ar = thermal conductivity of the atmosphere (Ar = 0.00063T + 0.0673),
Nu = Nusselt number,

R = universal gas constant (8313 J mol' K™,

T = ambient atmospheric temperature,

ps = saturation density of water vapour at T,
D  =diffusivity of water vapour, and

Sh = Sherwood number.

A relation between the threshold friction velocity, u,*, and air temperature (°C), T at 2-m
height was derived by Li and Pomeroy (1997a):
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The Equation [10] provides a direct method to calculate threshold condition for blowing
transport from meteorological data. Li and Pomeroy (1997b) found that the probability of
blowing snow occurrence to follow a cumulative normal distribution with regard to the
mean wind speed, uyeqn, and the standard deviation o of wind speed, u, as:

jexp 2y [11]

They found the mean wind speed and the standard deviation of wind speed were as
functions of snow conditions and air temperature based on extensive study on the
Canadian prairies. For wet snow, the values of 21 and 7 m s™ were found for the mean
and standard deviation of wind speed, respectively. For dry snow packs, the mean and
variance of wind speed were associated to air temperature (°C), 7, and snow age index, /,
as follows:

u,  =0.365T+0.007067° +0.97+11.2 [12]

mean

8 =0.145T +0.00196T* +4.3 [13]

Equation [11] allows the application of blowing snow fluxes calculation from the
meteorological data and provides a technique for approximating areal blowing snow
fluxes from a point. The estimation of snow mass balance using this technique was
conducted in the Canadian arctic and prairie regions (Pomeroy and Li, 2000).

4.2.2 Snowmelt

Snowmelt involves phase changes and hence the energy equation is traditionally taken as
the physical framework for snowmelt estimations (Granger et al., 1977, Gray and
Landine, 1988). The energy equation is based upon the law of conservation of energy to a
control volume of snow, and this volume has a snow-ground interface and a snow-air
interface as its lower and upper boundaries, respectively (Figure 19).

The energy budget for calculating snowmelt involves energy and mass fluxes in radiation,
convection, conduction, and advection along with a change in internal energy. The
equation for the energy budget is expressed as:

Qm=0Qn+ Qun+ Qe+ Qg+ Qp+Qa— AU/At [14]
where:  Qpn = energy flux available for snowmelt (W m?),
Qn = net radiation flux (W m?),
Qn = convective flux of sensible heat (W m™),
Q. = convective flux of latent heat (W m™),
Q, = conductive flux of ground flux (W m?),
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Qp = advection from rain in vertical direction (W m™),

Qa = small-scale advection from patches of soils in horizontal
direction (W m™),
AU/At = rate of change in internal energy (W m™).
Qu Qh Qc Qp
j l air
SNOW
Q4
U
t |

Figure 19. Cross-sectional view of control volume for snowmelt energies.

Individual terms in the energy budget equation can be determined by existing equations.
Net radiation, Q,, is the total of the net short-wave, Qs,, and net long-wave, O,
expressed as:

Qn = an + an [15]

where the net-long wave is normally negative and the energy fluxes directed towards the
snow pack are considered as positive. The net-short wave is the sum of the incident short-
wave flux, O, received by the surface and reflected short-wave flux, Q,, by the surface;
the reflectance short-wave energy is a fraction of the incident short-wave, which is
expressed as the albedo of snow, a;, normally in the range of 0.65-0.95 depending on the
age of snow. Thus, the net-short wave is expressed as:

Osn = Os(1 — o) [16]

The incident short-wave flux, Q,, is total of its direct beam, Qg and diffuse, Qus
components, expressed as:

Qs = ers + Qdfv [17]

With cloud cover, the amount of direct beam short-wave flux is reduced and found to be a
function of the direct beam short-wave radiation under clear sky, O, as:

n C
Oy = Qypla+ b(ﬁ) ] [18]
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where n/N is the sunshine ratio; a, b, and c are coefficients and are found to equal 0.024,
0.974, and 1.35, respectively, for the southwestern prairie region of Saskatchewan
(Granger and Gray, 1990). The direct beam short-wave radiation under clear sky, Qu., 1S
estimated by the expression developed by Garnier and Ohmura (1970). The atmospheric
constituents (e.g. dust particles, water droplets, and ice crystals) reduce the transmissivity
for beam radiation and increase the scattering and diffusion. Granger and Gray (1990)
derived a relation for estimating the diffuse flux with cloud cover, Qu, as a function of
diffuse radiation under clear sky, Qu, and the sunshine ratio, n/N, as:

0, =0,,[2.68+ 2.2(%) —3.85(%)2] [19]

The clear-sky diffuse radiation, Oy, can be the expression derived by Granger and Gray
(1990) that relates Qg to the atmospheric pressure ratio, cosine of the angle of incidence
of the sun’s rays on a slope, and day of year. The net-long wave flux, Q,, is the sum of
the downward radiation emitted by the atmosphere, (;;, and the upward radiation emitted
by the surface, Q. Due to the influence of diurnal changing temperature on the internal
energy content of shallow snowcovers, it is important to incorporate the long-wave into
the snowmelt estimation. Granger and Gray (1990) developed an expression for
calculating the net long-wave flux under cloud cover, Q;,, for the southwestern prairie
region of Saskatchewan as:

0, =le,[o.25+0.75<%)] [20]

where n/N is the sunshine ratio; Oy, is the clear sky net long-wave radiation, estimated by
the following expression relating to the clear sky short-wave radiation, Qs,:

0,, =—4.25-0.240 [21]

SO

Male and Gray (1981) outlined simplified bulk transfer expressions for calculating
convective sensible heat flux Oy and latent heat flux Q,:

On =DyU.(T,—T,) and [22]
Qe = DeUz(es - ea) [23]
where: Dy = bulk transfer coefficient for sensible heat transfer (kJ/m*-°C),
D. = bulk transfer coefficient for latent heat transfer (kJ/m’-°C),
U, = wind speed at a reference height (m/s),

T,, Ts = temperature of the air and the snow surface, respectively (°C),
e, €2 = vapour pressures of the air and snow surface, respectively (mb).

Internal energy U is estimated by the following equations (Male and Gray, 1981):

U =d(piCpi +piCp1 +p,Cpy) Ty [24]
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where: d = depth of snow (m),

p = density (Kg/m’),
Cr = specific heat (KJ/kg-°C),
T = mean snow temperature (°C), and

1,1,v =ice, liquid and vapor phases, respectively.

When rain falls on a melting snow pack where the rain does not freeze, the advection flux
from rain is estimated by the following equation (Male and Gray, 1981):

0, =4.2(T, - TyP, [25]
where: T; = temperature of the rain (°C),
T = snow temperature (°C), and
P; = depth of rain (mm/day).

The amount of melt can be calculated from Q,, by the equation:

M= 9 [26]
prhf
where: Pw = density of water (1000 kg m™),
B = fraction of ice in a unit of wet snow (0.95 — 0.97),
h¢ = latent heat of fusion of ice (333.5 kJ kg'l).

4.2.3 Infiltration

i. Snowmelt Infiltration

On Canadian Prairies Granger et al. (1984) developed an empirical equation for
estimating cumulative infiltration (INF) of limited infiltrability frozen soils based on the
SWE and average pre-melt water and ice content of 0-300 mm soil layer (S;). Gray et al.
(1985) successfully derived its expression as:

INF =5-(1-8,)- SWE*™ [27]

Zhao et al. (1997) developed a physically-based finite difference numerical model,
HAWTS (Heat And Water Transport in frozen Soils). The model estimates moisture
movement related to sensible and latent heat transfers in frozen soils based on a set of
partial differential equations. Zhao and Gray (1999) developed a parametric form of the
HAWTS model that describes cumulative infiltration into frozen unsaturated soils of
limited infiltrability as:

273.15-7,\""
INF — C . S2A92 . 1_ S 1.64 . I .t0.44 28
o (1=5)) 7315 0 [28]
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where C is a constant and is found to be 2.10 and 1.14 for the prairie soils and forest soils,
respectively (Gray et al., 2001). Sy is the surface saturation (mm’ mm™) and is assumed
to be between 0.75 and 1.00, and approximately equal to 1 in most situations when
infiltration rate is low and snowmelt is rapid (Gray et al., 2001). S; is the average soil
saturation of top 40 cm soil layer at the start of infiltration (mm® mm™) and is estimated
from the average pre-melt volumetric moisture content (water + ice) (6;) divided by the
soil porosity (®). 6; can be approximated from the fall soil moisture 0y based on empirical
expressions developed on Canadian agricultural region (Gray et al., 1985) as:

6, =-5.08+1.056, (for fallow fields) [29]
6, =0.294+0.9576, (for stubble fields) [30]

Ty is the average initial temperature of top 40 cm of soil (K). #, is the infiltration
opportunity time (h) and approximately equals the time required to melt the snow cover
and is estimated by the following equation:

_ SWE

¢ =
0 Melt

I

t

[31]

The assumptions made for the parametric equation are that soil is homogeneous and
isotropic, distributions of initial soil temperature and moisture are uniform, and meltwater
has a constant head at the soil surface (Zhao and Gray, 1999).

ii. Rainfall Infiltration
The rainfall infiltration rate according to the original Green and Ampt (1911) equation for
a single ponding event is

0 -6
f,=-K, (wf SF - +1j [32]
where: f, = potential infiltration rate (cm/s),
K = soil saturated hydraulic conductivity (cm/s),
W = suction at wetting front (negative pressure head),
0; = initial moisture content (dimensionless),
05 = saturated moisture content (dimensionless) and
F = cumulative infiltration (cm).

Rearranging gives the cumulative infiltration " as a function of infiltration rate f,
6.6
,
1+ Q
K

N

Fe—y [33]
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4.2.4 Evaporation
Actual evaporation from natural non-saturated surfaces is estimated according to the
evaporation expression of Granger and Gray (1989)

5 _AGK(Q'-0,)  yGE,

[34]
(AG+y) (AG+y)

where: Q* = net radiation (W m™),
Qg = ground heat flux (W m™),
K. = unit conversion coefficient to provide evaporate in mm/day,
A = slope of the saturation vapour pressure curve (kPa/°C),
Y = psychrometric constant (kPa °C™),
G = relative evaporation,
Ea = drying power (mm/day).

Details for each term above are discussed by Granger and Gray (1989; 1990). Potential
evaporation over horizontally uniform saturated surfaces is estimated by the expression of
Priestley and Taylor (1972)

A

PE=a =
i 22 -
where: Q* = net radiation (W m™),
Qq = ground heat flux (W m?),
A = slope of the saturation vapour pressure curve (kPa/°C),
Y = psychrometric constant (kPa °ch,
o = dimensionless empirical correction coefficient (1.26).

37



5. Modelling Parameterization Methods

A pre-processing procedure was taken to estimate the values for the parameters in CRHM.
The procedure was essentially a model parameterization based on field observations,
lookup table values, and analysis of remote sensing and GIS. Two types of modelling
approaches: non-LiDAR calibrated and LiDAR-based uncalibrated were involved. The
calibrated modelling used a coarse photogrammetric based DEM as input, while the
uncalibrated modelling utilized the LiDAR derived DEM in the analysis. They have the
same methods for deriving all parameter values except for surface depression storage. In
the calibrated modelling, surface depression storage in the upland area was calibrated and
surface depression storage in the wetland area was estimated by an area-volume
regression equation, while uncalibrated modelling used an automated procedure with a
depth-area-volume relationship (Hayashi and van der Kamp, 2000; Minke et al., in
review). The basin area with the uncalibrated modelling based on LiDAR was likely
more accurate than the coarse scale basin area used in the calibrated model. The details
on estimating the model parameters are described in the following sections.

5.1 Determination and Estimation of Parameters

5.1.1 Sub-basin and HRU Determination

For modelling large basins such as Smith Creek Research Basin (SCRB), CRHM has a
new component feature called “representative basins” (RB), in which a set of physically
based modules are assembled with a certain arrangement of HRUs to represent a sub-
basin. Streamflow output from a number of RBs are then routed along the main stream
through lakes, wetlands and channel. Both calibrated and uncalibrated approaches
divided the SCRB into five sub-basins, which are represented by five RBs (Figure 20).
Figure 21 shows the procedure used by calibrated and uncalibrated approaches for
extracting sub-basins. Both modelling approaches employed same automated basin
delineation technique “TOPAZ” (Garbrecht and Martz, 1993; 1997), while a 25-m
photogrammetric based DEM and a 1-m LiDAR DEM were used for the calibrated and
uncalibrated approaches, respectively. Both DEM inputs were resampled to 50-m for a
computational efficiency reason. The calibrated approach failed to delineate the TOPAZ
channel and sub-basin segments due to the poor quality of the photogrammetric based
DEM, and the five sub-basins were manually defined by examining the Ducks Unlimited
Canada (DUC) aerial photography and satellite imagery, and drainage networks GIS data.
The uncalibrated approach was able to generate TOPAZ channel and sub-basin segments,
which were aggregated to five sub-basins.

Within each RB, seven hydrological responses units (HRUs) were derived from a
supervised land use classification based on two SPOT 5 10-m multispectral images that
were acquired on 5 July 2007 and 1 October 2008. Figure 22 illustrates the process
involving the generation of HRUs for the SCRB. Fallow, stubble, grassland/pasture,
wetland (shrubs), open water, woodland, and town/road were produced from the
supervised classification. A post-classification accuracy analysis was conducted using
ground truthing points acquired from field surveys and DUC land use segmentation,
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66.7% of overall accuracy was achieved. In addition, Smith Creek drainage network GIS
data (2000) was used to extract the river channel. For both modelling approaches, fallow,
stubble, grassland, wetland, open water, woodland, and river channel HRUs were
aggregated from the supervised classification and DUC drainage network data.

| Physically-based hydrological modules |

RB 1
*Fallow HRU
*Stubble HRU
|| *Grassland HRU »| Sub-basin 1
*River Channel HRU
*Open Water HRU
*Woodland HRU
*Wetland HRU

RB 2

BN S e MRUS Sub-basin 2 —
Muskingum
S | Sub-basin 3 [ 104G
1 «Same seven HRUs || Sub-basin 3 » pouting
sub-basins
— RB 4 Sub-basin 4 [

«Same seven HRUs

RB 5
«Same seven HRUs

Sub-basin 5 —

Figure 20. CRHM modelling structure. Five Sub-basins are simulated by modelling
structure “Representative Basin” (RB); same seven hydrological response units
(HRUs) exist in each RB. Modelling structure of Muskingum routing connects all
five RBs.

5.1.2 Basin Physiographic Parameters

Both modelling approaches used a number of parameters for basin physical
characteristics for the seven HRUs, including HRU area, HRU elevation, latitude, and
ground slope (Table 2). HRU area was determined from SPOT 5 land use classification
and DUC drainage networks GIS data. The average elevation for HRU at different sub-
basins was determined from the DEM and HRU classification. The latitude (geographic
centre of SCRB) was measured from a GPS. The average ground slope was approximated
from the reported slope values in Saskatchewan Soil Survey (1991) for use in correcting
incoming solar radiation. As these corrections were small in this flat landscape, the soil
survey slopes were sufficiently accurate.

5.1.3 Albedo and Canopy Parameters

For both modelling approaches a list of albedo parameters for bare ground and snow, as
well as the canopy parameter LAI (leaf area index) was developed for the HRUs. The
values of these parameters are shown in Table 3. The albedo parameters 0.17 and 0.85
were determined for bare ground and snow respectively, based on recommended values
by Male and Gray (1981). The canopy parameter, LAI, was used to model canopy effects
on radiation for snowmelt. Small values of LAI (0.001) were set for fallow, stubble,
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grassland, river channel, open water and wetland HRUs, 0.4 was assigned to woodland
HRUs, representing a typical LAI value for aspen trees during the winter at SCRB.

Calibrated Approach Uncalibrated Approach

(@)

Elevation {m})

Kilometers [_1Smith Creek Research Basin

[ Smith Creek Research B-nin High: 598
Elevation {m) Low : 490
High : 547
l“"“"’ TOPAZ TOPAZ
automated automated

(c) delineation delineation

[ Smith Croek Research Basin

TOPAZ Channel Segments
Strahler Channel Order
] Smith Creek Research Basin Bl
TOPAZ Channel Segments {Strahler Channel Grder) = ;
] ;OPAZ Sub-basin Segments : ;
Manual [ TOPAZ Sub-basin Segments .
. Sub-basin
(e) sub-basin () :
delineation aggregation
from TOPAZ
sub-basin
segmen ts
Smith Creek Sub-basin 1 [ Smiith Creek Sub-basin 1
Semith Creek Sub-basin 2 1 Smith Craek Sub-basin 2 .
Smith Creek Sub-basin 3 ! . Smiith Creek Sub-basin 3 B
Smith Croek Sub-basin 4 . o Semith Creek Sub-basin 4 P 3
[ Smith Creek Sub-basin § y 1 Smith Croek Sub-basin § L o

Figure 21. Pre-processing procedure for deriving sub-basins at Smith Creek Research
Basin. (a) 50-m resampled photogrammetric based DEM, (b) 50-m resampled
LiDAR DEM, (c¢) TOPAZ channel and sub-basin segments from the calibrated
non-LiDAR approach, (d) TOPAZ channel and sub-basin segments from the
Uncalibrated LiDAR approach, (e) sub-basins from the calibrated non-LiDAR
approach, and (f) sub-basins from the uncalibrated LiDAR approach.
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Figure 22. Pre-processing procedure for generating HRU classification at Smith Creek
Research Basin. (a) 2007 summer SPOT 5 10-m multispectral image, (b) 2008 fall
SPOT 5 10-m multispectral image, (c) supervised land use classification for the
basin derived from the calibrated non-LiDAR approach, (d) supervised land use
classification for the basin derived from the uncalibrated LiDAR approach, and (e)
Ducks Unlimited Canada drainage networks in 2000.
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Table 2. Basin physiographic parameters. HRU area values shown inside parentheses are derived from the uncalibrated LiDAR
approach and the values outside parentheses are extracted from the calibrated non-LiDAR approach.

HRU Area (km®) HRU Elevation (m)

Sub- Sub- Sub- Sub- Sub- Sub- Sub- Sub- Sub- Sub- Latitude Ground

HRU Name basinl basin2 basin3 basin4 basinS basinl basin2 basin3 basin4  basin5 () Slope (°)
5.1 33 2.3 4.1 0.6

Fallow (6.3) (1.7) 2.1) 3.1 (0.3) 530 528 526 520 510 51.1 4
81.2 61.1 54.7 342 10.7

Stubble (121.9) (31.0) (34.5) (21.8) (6.3) 528 526 524 514 505 51.1 4
19.2 6.5 7.3 2.4 1.1

Grassland (22.6) 2.7 (5.5) 1.4) 0.7) 528 526 524 514 505 51.1 4

River 0.6 0.3 0.6 0.4 0.1

Channel (0.8) (0.2) (0.5) 0.2) (0.1) 526 520 512 510 500 51.1 4
9.1 3.3 0.7 0.5 0.1

Open Water  (10.5) (0.9) (0.5) 0.4) (0.1) 527 522 518 512 502 51.1 0
41.4 27.0 16.0 12.4 5.1

Woodland (49.0) (12.4) (12.7) 9.2) 3.1 527 522 518 512 502 51.1 0
16.9 9.7 3.6 2.5 1.0

Wetland (23.2) (2.6) 2.7 (1.8) (0.5) 527 522 518 512 502 51.1 0

Table 3. Albedo and canopy parameters.

HRU Name Bare Ground Albedo Snow Albedo LAI
Fallow 0.17 0.85 0.001
Stubble 0.17 0.85 0.001
Grassland 0.17 0.85 0.001
River Channel 0.17 0.85 0.001
Open Water 0.17 0.85 0.001
Woodland 0.17 0.85 04
Wetland 0.17 0.85 0.001
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5.1.4 Blowing Snow and Frozen Soil Parameters

Both calibrated and uncalibrated modelling used the same method for estimating blowing
snow and frozen soil parameters shown in Table 4. Blowing snow fetch distance is the
upwind distance without disruption to the flow of snow. A computer program “FetchR”
(Lapen and Martz, 1993) was used to estimate the fetch for the large exposed areas fallow,
stubble and grassland HRUs from the DEM and vegetation classification, resulting in
fetches of 1000 m, 1000 m, and 500 m respectively. For river channel, open water,
woodland and wetland HRUs, a 300 m fetch length was assigned. The vegetation height,
stalk density and stalk diameter were calculated based on vegetation survey
measurements. The distribution factor parameterizes the allocation of blowing snow
transport from aerodynamically smoother (or windier) HRU to aerodynamically rougher
(or calmer) ones and was decided according to the prairie landscape aerodynamic
sequencing (Fang and Pomeroy, 2009). Lower values indicate lower aerodynamic
roughness (or higher wind speed) and higher value means greater roughness (or lower
wind speed). The values presented in Table 4 allow snow to be transported from fallow
and open water to stubble HRUs and then to grassland and woodland HRUs, and
subsequently to river channel and wetland HRUs according to what was observed in the
field. A frozen soil infiltration parameter reflecting fall soil saturation was determined
from the soil porosity and observed fall soil moisture. The soil porosity was estimated
from soil texture, which is predominately loam in the basin. Fall soil moisture was
approximated from gravimetric measurement of soil survey samples. Table 4 shows
values of 100% for river channel and open water HRUs, indicating that both are saturated.

Table 4. Blowing snow and frozen soil parameters. Initial fall soil saturation values inside
parentheses are for the fall of 2008 and values outside parentheses are for the fall of 2007.
Fetch  Vegetation  Stalk Density Stalk Diameter Distribution  Initial Fall Soil

HRU Name (m) Height (m) (#/m?) (m) Factor Saturation (%)
Fallow 1000 0.001 320 0.003 0.1 46 (55)
Stubble 1000 0.12 320 0.003 0.5 50 (58)
Grassland 500 0.4 320 0.003 1 54 (65)
River Channel 300 0.7 1 0 2 100 (100)
Open Water 300 0.001 1 0 0.5 100 (100)
Woodland 300 6 100 0.01 1 53 (49)
Wetland 300 1.5 100 0.01 3 87 (91)

3.1.5 Routing Parameters

Both modelling approaches used the same method to determine routing parameters.
Parameters for routing surface runoff between HRUs within sub-basins (RBs) are shown
in Tables 5 and 6, and parameters for routing channel flow between five RBs are shown
in Table 7. These parameters were used in the Muskingum routing module (Chow, 1964).
For the routing within RBs, the routing length is the distance from each HRU to the main
channel; for the routing between RBs, the routing length is the main channel length in
each sub-basin, and both types of routing length were estimated from DUC drainage
networks GIS data. Manning’s equation (Chow, 1959) was used to calculate the average
flow velocity; the parameters used in the equation include hydraulic radius, longitudinal
friction slope, and Manning’s roughness coefficient. Hydraulic radius was determined
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Table 5. Parameters for runoff routing between HRUs within the sub-basins (RBs).
Routing Length to Stream (m)

Sub- Sub- Sub- Sub- Sub- Hydraulic Longitudinal Dimensionless

HRU basin basin basin basin basin Manning's Radius friction Weighting
Name 1 2 3 4 5 Roughness (m) Slope (°) Factor
Fallow 6000 5000 5000 4000 2000  0.04 0.01 0.001 0.25
Stubble ~ 6000 5000 5000 4000 2000  0.05 0.01 0.001 0.25
Grassland 6000 5000 5000 4000 2000  0.11 0.01 0.001 0.25
River

Channel 6000 5000 5000 4000 2000  0.035 0.01 0.001 0.25
Open

Water 6000 5000 5000 4000 2000  0.11 0.01 0.00002 0.25
Woodland 6000 5000 5000 4000 2000 0.2 0.01 0.00002 0.25
Wetland 6000 5000 5000 4000 2000 0.2 0.01 0.00002 0.25

Table 6. Routing distribution parameter between HRUs within the sub-basins (RBs).

River

HRU Name Fallow Stubble Grassland Channel Open Water Woodland Wetland
Fallow 0 0 0 0.28 0.13 0.38 0.21
Stubble 0 0 0 0.28 0.13 0.38 0.21
Grassland 0 0 0 0.28 0.13 0.38 0.21
Open Water 0 0 0 1 0 0 0
Woodland 0 0 0 0.45 0.21 0 0.34
Wetland 0 0 0 0 1 0 0
River Channel 0 0 0 0 0 0 0

Table 7. Parameters for channel routing between the sub-basins (RBs). The values of area
and routing length inside parentheses are derived from the uncalibrated modelling
and the values outside parentheses are determined from calibrated modelling.

Area Routing Manning's Hydraulic ~ Longitudinal Dimensionless
Sub-basin (km?) Length (m) Roughness Radius (m) friction Slope (°) Weighting Factor
1 173.5 (234.3) 8000 (15000)  0.035 1 0.002 0.25
2 111.1 (51.7) 10000 (10000)  0.035 0.67 0.002 0.25
3 85.2 (58.5) 20000 (13000)  0.035 1 0.004 0.25
4 56.6 (37.9) 8000 (8000) 0.035 0.67 0.002 0.25
5 18.7 (11.0) 7000 (7000) 0.035 1 0.001 0.25

from flow depth based on the channel shape. Longitudinal friction slope was calculated
from the DEM and DUC drainage networks GIS data; the average change in elevation
over a routing length was approximated. Manning’s roughness coefficient was estimated
based on the channel’s condition. The storage constant was estimated from the average
flow velocity and routing length. The dimensionless weighting factor controls the level of
attenuation, ranging from 0 (maximum attenuation) to 0.5 (no attenuation), so 0.25 was
used for the basin. The routing sequence is illustrated in Figure 23. For the routing within
RBs, runoff generated in the upland fallow, stubble, and grassland HRUs is routed to the
upland woodland HRU, and is then routed to wetland, open water, and river channel
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HRUs. Runoff from the wetland HRU is accumulated in the open water HRU, which
connects to the river channel HRU. The routing distribution parameter shown in Table 6
is used to partition amount of runoff between HRUs and the values were determined from
a modified Hack’s law length-area relationship (Granger et al., 2002). For each non-river
channel HRU, the land use polygons from the supervised classification shown in Figure
22 were used to extract total polygon area and the longest linear length within the
polygon. The extracted area and longest length were graphed on a log-log plot to generate
the modified Hack’s law length-area relationship:

L =1.28154""% (fallow HRU) [36]
L =1.34864""" (stubble HRU) [37]
L =1.29654"*" (grassland HRU) [38]
L =1.29474%* (open water HRU) [39]
L =1.35874"%° (woodland HRU) [40]
L=125884"" (wetland HRU) [41]

where L (km) is Hack’s law length for each HRU and 4 (km?) is total area for each HRU.
For the river channel HRU, the original Hack’s law length-are relationship (Hack, 1957)
was used:

L=1.4A4"" (river channel HRU) [42]

where L (km) is Hack’s law length for river channel HRU and 4 (km?) is the average sub-
basin area. The routing distribution parameter was calculated using the estimated Hack’s
law length. For instance, the routing distribution parameters for runoff from fallow HRU
to river channel, open water, woodland, and wetland HRUs are:

L
. . _ river channel
dlStrlb — Routefallow%river channel — L L L [43]
river channel + open water + woodland + wetland
d. t b Rout _ Lopen water 44
IStrio _ xou eﬁlllowﬁopen water L L L [ ]
river channel + open water + woodland + wetland
distrib _Route = Lvoting [45]
— fallow—woodland ~— L L L
river channel + open water + woodland + wetland
distrib _Route = Loetons [46]
— fallow—wetland — L L L
river channel + open water + woodland + wetland

The zero values in Table 6 indicate no routing for the non-river channel HRUs and imply
outlet of each sub-basin (RB) for the river channel HRU.

For the routing between RBs, runoff from each RB outlet flows to the main channel,

which is connected in the sequence shown in Figure 23(b). This sequence was decided
from the observed channel flow order in the field.
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Figure 23. Routing sequence. (a) Between HRUs within the sub-basin (RB) and (b)
between RBs.

5.1.6 Wetland Module Parameters

Table 8 shows parameters for soil recharge layer, soil column, subsurface and
groundwater drainage. For the soil column, the maximum water holding capacity was
determined from multiplying the rooting zone depth by soil porosity; the initial value of
available water in the soil column was estimated by multiplying the maximum water
holding capacity by volumetric soil moisture content. The soil recharge layer is the
shallow top layer of the soil column, approximately 60 mm; the initial value of available
water in the soil recharge layer was determined by multiplying the maximum water
holding capacity and volumetric soil moisture content. It should be noted that the model
treats river channel, open water, and wetland HRUs as having no soil column, but
permanent surface ponding. Subsurface and groundwater drainage factors control the rate
of flow in the subsurface and groundwater domains; these rates are slow in the prairie
environment (Hayashi ef al., 1998) and were estimated from the saturated hydraulic
conductivity based on soil texture. Both modelling approaches used these same methods.

Table 8. Parameters of soil recharge layer, soil column, and subsurface and groundwater
drainage for the wetland module. Initial values of available water in soil recharge
layer and soil column inside parentheses are for the fall of 2008 and the values
outside parentheses are for the fall of 2007.

Soil Recharge Layer Soil Column Subsurface and
Initial Value of Maximum Water Initial Value of Maximum Water Groundwater
Available  Holding Capacity Available Water Holding Capacity — Drainage Factor
HRU Name Water (mm) (mm) (mm) (mm) (mm day™)
Fallow 28 (33) 60 276 (330) 600 0.001
Stubble 30 (35) 60 300 (348) 600 0.001
Grassland 32 (39) 60 324 (390) 600 0.001
River Channel 0 0 0 0 0.001
Open Water 0 0 0 0 0.001
Woodland 32 (29) 60 318 (294) 600 0.001
Wetland 0 0 0 0 0.001

46



Besides differences in basin area from the improved DEM derived from LiDAR, the
major difference between the calibrated and uncalibrated modelling is the method used
for estimating the surface depression capacity. Table 9 shows the parameters describing
surface depression storage. For the calibrated modelling, the maximum surface
depression storage in the wetland area (wetland and open water HRUs) was estimated
from the average value of individual wetland storage as determined from a surface area-
volume relation for prairie wetlands (Wiens, 2001). The relationship was slightly
modified to derive values in the appropriate SI units required by the model

B 1.22
1000{ 2.85 i
10000
sd . = = A [47]
1000 7.1(10§00j+9.97}
Sy =1 [48]

where sdpmax (mm) is the maximum surface depression storage, and A4 [mz] is the wetland
surface area which was obtained from DUC wetland GIS inventory (2000). Equation [47]
is for wetlands with surface area up to 700,000 m” and Equation [48] is for wetlands with
surface area greater than 700,000 m”. The calibrated non-LiDAR approach found the
maximum surface depression storage in the upland area (fallow, stubble, grassland, and
woodland HRUs) by comparing the simulated and observed hydrographs and optimising
the storage value to match the hydrographs.

For the uncalibrated LiDAR DEM based modelling, an automated procedure involving
LiDAR DEM and various ArcGIS tools was used to extract initial depth, area and volume
of surface depression which were in turn input into a depth-area-volume relationship,
yielding final depth, area and volume of surface depression. The procedure is illustrated
in Figure 24. The LiDAR DEM was resampled from its original 1-m spatial resolution to
10-m, and a “fill pits” was used to created a depressionless DEM from the 10-m LiDAR
DEM; both were used as inputs to the ArcGIS 3D spatial analyst “cut/fill” feature. The
“cut/fill” detects changes on area and volume of a surface between two periods due to
addition or removal of material. If a surface is characterized as “cut” from erosion, it is
categorized into ‘net loss’, and if a surface is identified as “fill” from deposition, then it is
regarded as ‘net gain’, and ‘unchanged’ is another category if there is no change on the
area and volume of a surface. Using both the original DEM and the depressionless DEM
in the “cut/fill” created a virtual surface during two periods and generated only one
category ‘net gain’, which comprises the Smith Creek basin “cut/fill” surface depressions
shown in Figure 25. A comparison between the “cut/fill” depressions and DUC wetland
inventory was made in the northern part of basin which is of great interest of farmers and
various researchers (Figure 25(d)). It showed good agreement between these two
approaches; even though the “cut/fill” output had more coverage, it is reasonable
considering DUC wetland data was collected in 2000 during drought conditions. DUC
sub-basin wetland GIS inventory and the basin “cut/fill” surface depressions were input
in the ArcGIS “Intersect” tool, producing area and volume of sub-basin “cut/fill”” surface
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Table 9. Parameters of surface depression storage for the wetland module. The values inside parentheses are derived from the
uncalibrated LIDAR DEM information and the values outside parentheses are determined from calibrated modelling.

Initial Value of Surface Depression Storage (mm)

Maximum Surface Depression Storage Capacity (mm)

HRU Name Sub-basin 1 Sub-basin 2 Sub-basin 3 Sub-basin 4 Sub-basin 5 Sub-basin 1 Sub-basin2 Sub-basin 3 Sub-basin4 Sub-basin 5
Fall of 2007
Fallow 0 (0) 0 (0) 0 (0) 0 (0) 0(0) 70 (61) 70 (67) 70 (69) 70 (67) 70 (69)
Stubble 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 70 (61) 70 (67) 70 (69) 70 (67) 70 (69)
Grassland 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 70 (86) 70 (100) 70 (95) 70 (104) 70 (102)
River Channel 54 (54) 54 (54) 54 (54) 54 (54) 54 (54) 200 (200) 200 (200) 200 (200) 200 (200) 200 (200)
Open Water 59 (86) 56 (101) 56 (107) 54 (104) 52 (99) 221 (317) 208 (374) 208 (395) 202 (386) 195 (366)
Woodland 0(0) 0(0) 0 (0) 0(0) 0(0) 140 (78) 140 (86) 140 (90) 140 (88) 140 (87)
Wetland 59 (86) 56 (101) 56 (107) 54 (104) 52 (99) 221 (317) 208 (374) 208 (395) 202 (386) 195 (366)
Fall of 2008
Fallow 0(0) 0(0) 0 (0) 0(0) 0(0) 70 (61) 70 (67) 70 (69) 70 (67) 70 (69)
Stubble 0 (0) 0 (0) 0 (0) 0 (0) 0(0) 70 (61) 70 (67) 70 (69) 70 (67) 70 (69)
Grassland 0(0) 0 (0) 0 (0) 0 (0) 0 (0) 70 (86) 70 (100) 70 (95) 70 (104) 70 (102)
River Channel 76 (76) 76 (76) 76 (76) 76 (76) 76 (76) 200 (200) 200 (200) 200 (200) 200 (200) 200 (200)
Open Water 84 (120) 79 (142) 79 (150) 77 (147) 74 (139) 221(317) 208 (374) 208 (395) 202 (386) 195 (366)
Woodland 0(0) 0(0) 0(0) 0(0) 0(0) 140 (78) 140 (86) 140 (90) 140 (88) 140 (87)
Wetland 84 (120) 79 (142) 79 (150) 77 (147) 74 (139) 221 (317) 208 (374) 208 (395) 202 (386) 195 (366)
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Figure 24. Flowchart of an automated procedure used by the uncalibrated modelling for
estimating maximum surface depression storage.
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Figure 25. ArcGIS 3D “cut/fill” analysis. (a) Original Smith Creek basin 10-m LiDAR
DEM, (b) filled depression-less Smith Creek basin 10-m LiDAR DEM, (c) Smith
Creek basin “cut/fill” surface depressions, the dark outline showing the northern
part of Smith Creek Research Basin, and (d) comparison between “cut/fill” output
(in red) and DUC 2000 wetland data (in black slash) in the northern part of Smith
Creek Research Basin.
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depressions in the wetland area. The sub-basin supervised land use classification and the
basin “cut/fill” surface depressions were together input in the ArcGIS “Intersect” tool,
generating area and volume of “cut/fill” depressions for each land use. These were then
filtered using the DUC sub-basin wetland GIS inventory to “Erase” wetland portions.
Final results were the area and volume of sub-basin “cut/fill” surface depressions in the
upland area.

The volume of “cut/fill” surface depressions (V3p cuin (m3)) results from the product of
depth (d3p curpn (m)) and area (Asp cuwpin (mz)), thus the depth of “cut/fill” surface
depressions was calculated based on Equation [49]:

d — V3chut/fill [49]

3D _cut/fill
Aijcut/ fill

Then, a simpiled depth-area-volume relationship (Brooks and Hayashi, 2002) was used to
calculate the maximum surface depression volume (¥ (m’)) according to Equation [50]:

— Amax X dmax [50]
142/ p

where Amax (mz) and dp.x (m) are the maximum surface area and depth of depressions,
respectively, and p (dimensionless) is the shape coefficient of depressions. Rearranging
the Equation [50], the maximum surface depression storage sdm.x (mm) was estimated
based on Equation [51]:

sd. = Ym 1000 = —dmx 1000 [51]

AL 1+2/p

where dpax 1s estimated from the depth of “cut/fill” surface depressions d3p cuin
calculated by Equation [49]. d3p cuin Was assumed to be the maximum for the
depressions in the upland area, but was adjusted for the depressions in the wetland area
due to the inability of the LiDAR signal to penetrate water stored in the permanent
wetland. The average fall depth from the monitored wetlands shown in Fig. 1b was added
to get dmax 1n the wetland area. Asp cu Was assumed to be the maximum. The shape
coefficient p varied with area of each wetland; for wetlands smaller than 10,000 m’, p=
1.72 was used, the average value estimated from Smith Creek wetland volume analysis
(Minke et al., in review). For larger wetlands, values of 3.3 and 6 for p reported by
Hayashi and van der Kamp (2000) were used. The maximum surface depression storage
in the wetland and upland areas was determined from average value of individual
“cut/fill” surface depression storage in these areas using Equation [51] and is shown in
Table 9. For both modelling approaches, the maximum storage of the river channel HRU
was estimated from the DUC drainage networks GIS data, assuming that the channel has
a parabolic cross-section. For the river channel, open water and wetland HRUs, the initial
surface depression storage was approximated by the product of maximum storage and
average percentage of fall storage capacity of the monitored wetlands. The initial surface
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depression storage for the upland area was set as zero due to its ephemeral nature of
storage and persistent drying up in the fall.

5.2 Simplified Volume-Area-Depth Method for Wetland Storage Estimation

This section focuses on the development of a simplified volume-area-depth method for
estimating the wetland storage based on the detailed field study, and this method was
evaluated on a number of wetlands on a small basin scale.

5.2.1 Measurement of Actual Wetland Volume

At SCRB, 14 wetlands were selected for a detailed topographic survey. Topographic data
were available for 13 wetlands at St. Denis National Wildlife Area (SDNWA),
Saskatchewan, the data were provided by Dr. Masaki Hayashi (University of Calgary)
and Dr. Garth van der Kamp (Environment Canada). Survey data were used to generate a
three-dimensional, 1-m resolution DEM for each wetland in Surfer, version 8 (Golden
Software, Golden, CO, USA). The actual volume and surface area were calculated at 0.05
m height intervals, starting at 0.1 m above the lowest elevation in the wetland to the
boundary of the DEM using the grid volume function in Surfer.

5.2.2 Theory for Applying the Simplified V-A-h Method to a LiDAR DEM

Hayashi and van der Kamp (2000) suggested a simplified Volume-Area-Depth (V-A4-h)
method that could be used to derive the scaling constant (s) and shape coefficient (p)
when detailed survey data are not available. The simplified V-4-h method only requires
concurrent measurements of surface area and depth at two points in time. Equations [52]
and [53] were used to calculate the s and p coefficients

2 —hz

log A‘J
AZ

p:

[52]

[53]

where 4, and 4, (m”) are the surface area measurements at the depths, 4, and A, (m).
Hayashi and van der Kamp (2000) suggested that a constant p value, 2.0 for small natural
wetlands, could be used when time and resources are limited. If a constant p value is
assumed, then it would only be necessary to calculate the s coefficient. Since the LIDAR
pulse is transmitted in the near-infrared, the DEM does not provide information on the
height of water (4,) when data were acquired (Figure 26). However, through GIS analysis
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of the LIDAR DEM it is possible to measure A;, A», and Ah. Equation [54] was used to
solve for /i,

3
’ [54]

The total depth (4;) can be estimated by summing A/ and /4,. Thus, based on this theory,
the necessary inputs were generated to calculate the s coefficient and to estimate volume
through the simplified V-4-4 method.

Al

III

If.z

Figure 26. Generalized wetland illustrating area and depth measurements required for
applying the simplified V-4-h method to a LIDAR DEM.

5.2.3 LiDAR V-A-h Method

The theory discussed above provided a framework for utilizing the simplified V-4-h
method to estimate wetland volume from a LIDAR DEM. While the equations to estimate
total wetland depth and the s coefficient have been presented, there is still a need to
develop a reliable process for extracting the wetland measurements (4;, 4>, and Ah)
required for the LiDAR V-A4-h method. 26 study wetlands excluding S125s at SDNWA
were used to develop the LIDAR V-4-h method. This analysis is divided into two sections:
the first outlines the measurement of surface area and A/ from LiDAR derived elevation
contours, and the second section presents the process for selecting a p coefficient that are
used for estimating wetland depth, the s coefficient and volume.
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Elevation Contours

Research has shown that ‘filling’ a DEM can provide surface area and depth
measurements (Martz and De Jong, 1988), and common GIS algorithms for ‘filling’ a
DEM are time consuming for high resolution data (Planchon and Darboux, 2001). In light
of this shortfall, the technique of using elevation contours to measure surface area and
changes in depth was developed for the LiDAR V-4-h method. Elevation contours were
created at 5 cm intervals in ArcGIS (ESRI, Redlands, CA, USA) from the bare-earth 1-m
resolution LiDAR derived DEM. For each study wetland, the contours of interest were
from the water surface to the point where water would spill from the depression (Figure
27). These contours were individually selected and exported to a new file. Each contour
line was converted to a polygon so area could be calculated with the geometry function.
The ET GeoWizards toolset (ET Spatial Techniques, Pretoria, South Africa) was installed
in ArcGIS and the ‘clean gap’ function was used to complete the non-closed contour lines.

Figure 27. Plan view of wetland S104 at SDNWA with relevant, closed contours (white),
and the contour representing the spill point of the wetland (grey).

Selection of p Coefficient

Hayashi and van der Kamp (2000) suggested that a p value of 2.0 would likely represent
seasonal wetlands with smooth depressions such as those found at SDNWA. However,
wetlands across the prairie pothole region range from ephemeral to semi-permanent with
depressions resembling a range of shapes from cones to flat pans. Therefore, p values
were determined from an average of the actual p values derived from the full V-4-h
method. At SCRB, three wetlands (W3, W8, and W10) had p values <1.5, which
represents a depression with a low slope. The average p of the remaining 11 wetlands at
SCRB was 1.83. At SDNWA, a p value of 2.0 adequately represented all of the wetlands
except for three wetlands (i.e. S90, S97, and S120). These three wetlands had an average
p of 3.14 due to their steep sides and flat bottom (Hayashi and van der Kamp, 2000).
3.2.4 Automation of the LiDAR V-A-h Method
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The data collection process described above was automated so the necessary data for
volume estimation could be rapidly acquired for multiple wetlands. An ArcGIS model
was built to extract elevation and area data. Input data for the model were the LiDAR
DEM and a GIS file that delineates the extent of each wetland. The model has five main
steps:

1) Contours are created at 5 cm intervals from the LIDAR DEM.

2) The wetland extents are buffered and used to clip the contours so only the relevant data
are analyzed.

3) The contour data are split into a separate file for each wetland based on the buffered
wetland extent.

4) Contour lines are converted to a polygon format so that area can be calculated.

5) The elevation and area data are exported to a dBase spreadsheet.

A Visual Basic script was created to automate the calculations necessary for the LiDAR
V-A-h method. There are six main steps to the script:

1) The dBase file is opened in Microsoft Excel for analysis.

2) Unnecessary columns of data added during the GIS processing are deleted, leaving
only the elevation and area data.

3) Data are sorted by surface area from largest to smallest, and the script then prompts the
user to enter the minimum surface area to be analyzed. All rows of data containing
smaller area measurements are deleted.

4) The user is prompted to enter the Hayashi-van der Kamp p coefficient.

5) The elevation and area data are arranged so that every possible combination of 4; and
A> 1s used to calculate an s coefficient.

6) Volume and area are estimated at 5 cm height intervals using the average s coefficient.
Vmax 18 reached at the height where the estimated area equaled the contour derived A .

3.2.5 Case Study

The LiDAR V-4-h method was implemented at St. Denis National Wildlife Area
(SDNWA) to test its performance and assess if the model could be used to accurately
estimate storage at a large spatial scale. SDNWA was selected for this case study because
there were many wetlands with the actual volumes known and the site is only ~4 km®.
Presently, it is not feasible to implement the LiDAR V-4-h method for the entire SCRB
due to the number of wetlands required for the analysis. Model set-up was completed
through the following steps:

1) The LiDAR DEM and the GIS file containing the 58 delineated wetland extents were
selected as input (Figure 28).

2) The buffer distance was set to 35 m.

3) The contour files for each wetland were selected so the model could run in batch mode.
4) The output filename for each polygon was specified manually.
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Figure 28. SDNWA study site. (a) air photo (1997) with wetlands delineated and buffered,
wetlands with actual volumes indicated by cross-hatching and (b) elevation
contours derived from LiDAR DEM.

The GIS model took approximately 70 minutes to process for the entire study site, with
the majority of time needed to split the contour data by wetland location. The Visual
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Basic script was implemented from a blank spreadsheet that was located in the same
folder as the dBase files. The code was modified to contain the current folder’s pathname
so the script would be able to identify the spreadsheets to open and analyze. When
running the script the first dBase file was opened, the user was asked for the smallest
surface area measurement to keep and the p coefficient, the new columns of data were
generated, and then the user was prompted to save the file. On average, each spreadsheet
was analyzed in ~10 seconds. If anomalous contour data were encountered the script
would stop and the file was deleted manually. This was the case for three wetlands (D1,
S86 and S134) because the contour data were incomplete. Of the thirteen wetlands with
actual volume data, three were not analyzed (D1, S125s and S1). Pond S1 was excluded
because of an island present in the middle, which required manual processing. Pond
S125s and S125n were analyzed as one wetland (S125n&s).

3.2.6 Comparison between LiDAR V-A-h and V-A Methods

A comparison of wetland volume estimation using LiDAR V-4-h and V-4 methods was
conducted. The V-4 method had two sets of equations: one equation was developed for
the Upper Assiniboine River Basin study (Manitoba Conservation, 2000) which has been
used to estimate wetland storage across Saskatchewan (Wiens, 2001; Saskatchewan
Watershed Authority, 2008). The equation for computing volume for wetlands smaller
than 70 ha is

v =2.854"" [55]

where A is in hectares and ¥ is in cubic decametres. The second set of equations was
developed for the three major physiographic regions in the prairie pothole region by the
United States Geological Survey (USGS) (Gleason et al., 2007). These regions are the
glaciated plains (Equation [56]), Prairie Coteau (Equation [57]), and Missouri Coteau
(Equation [58])

V =0254""% [56]
V =0.4584"°" [57]
V =0.3984"" [58]

where A4 is in hectares and V is in hectare-metres. Volume was calculated with each
equation to ensure that the appropriate physiographic equation does in fact provide the
best estimate of volume. The V-4 equations were applied to surface area measurements
derived from the topographic survey and were used to estimate volume at /,x.

57



6. Modelling Results

6.1 Comparison between the Calibrated and Uncalibrated Simulations

The winter snowpack, snowmelt, spring soil moisture, and spring basin streamflow were
simulated for two periods: 1 November 2007 to 8 May 2008 and 1 November 2008 to 9
May 2009. The simulations were carried out for both calibrated (based on coarse
photogrammetric based DEM) and uncalibrated (based on LiDAR derived DEM)
modelling approaches. The performance of these simulations was evaluated against the
observations and comparison between the calibrated and uncalibrated predictions was
also conducted. To assess the performance of model, two statistical measures, root mean
square difference (RMSD) and model bias (MB), were calculated as

1

RMSD==>"(X,-X,)’ [59]
n
_2X
MB = X 1 [60]

where n is number of samples, X,, and X; are the observed and simulated values,
respectively. The RMSD is a weighted measure of the difference between observation
and simulation and has the same units as the observed and simulated values. The MB
indicates the ability of the model to reproduce the water balance; a positive value or a
negative value of MB implies model overprediction or underprediction, respectively.

6.1.1 Winter Snowpack Prediction and Comparison

The prediction of winter snowpack (SWE) for the 2007-08 and 2008-09 simulation
periods is shown in Figures 29 and 30. All five sub-basins show the development of
reasonable blowing snow °‘source’ and ‘sink’ areas. Commencing in the middle of
January and ending in the beginning of April, snow was transported from fallow, stubble,
and open water HRUs (‘source’ areas) to grassland, woodland, wetland and deep incised
river channels (‘sink’ areas). For the 2007-08 simulation period, the maximum pre-melt
ranged from 60 mm to 70 mm for fallow, stubble, and open water HRUs; the grassland
and woodland HRUs had approximately 100 mm maximum pre-melt SWE, and the
wetland HRU had about 140-160 mm maximum pre-melt SWE. There was about 230
mm maximum pre-melt SWE for the river channel HRU, about three times more than that
in fallow, stubble, and open water HRUs (Figure 29). For the 2008-09 simulation period,
the maximum snow accumulation was predicted about 10 days earlier compared to the
2007-08 simulation period; the reason for this is that 12.6 mm rainfall occurred on 22
March 2009, which drastically reduced the albedo of snowpack and subsequently started
melt earlier. This early melt was not observed in the field, and thus 2009 spring snowmelt
was delayed for all HRUs to the observed major melt starting date. The revised 2008-09
simulation of SWE corresponding to this delay melt is shown in Figure 31. The fallow,
stubble, and open water HRUs had about 60-80 mm maximum pre-melt; the grassland
and woodland HRUs had approximately 100 mm maximum pre-melt SWE.

58



(a)

Snow pack Prediction in Sub-basin 1, Smith Creek Research Basin
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Snow pack Prediction in Sub-basin 2, Smith Creek Research Basin
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Figure 29. Simulation of snow accumulation development for Smith Creek Research
Basin during 31 October 2007-30 April 2008: (a) sub-basin 1 (b) sub-basin 2 (¢)
sub-basin 3 (d) sub-basin 4 (e) sub-basin 5.
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(e)

Snow pack Prediction in Sub-basin 5, Smith Creek Research Basin
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Figure 29. Concluded.
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Figure 30. Simulation of snow accumulation development for Smith Creek Research
Basin during 31 October 2008-30 April 2009: (a) sub-basin 1 (b) sub-basin 2 (¢)
sub-basin 3 (d) sub-basin 4 (e) sub-basin 5.
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(a' Snowvepack Prediction in Sub-basin 1, Smith Creek Research Basin
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Snowpack Prediction in Sub-basin 2, Smith Creek Research Basin
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Figure 31. Revised simulation of snow accumulation development for Smith Creek
Research Basin during 31 October 2008-30 April 2009: (a) sub-basin 1 (b) sub-
basin 2 (c) sub-basin 3 (d) sub-basin 4 (e) sub-basin 5.
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65



¥ — Fallow

¥ — Stubble

¥ — Grassland

[ — River Channel
v — Open Water
¥ — woadiand

[ — wettand

(mm)

A3M1/2008  28M1/2008  13M2/2008  28M20200% 120102000 270102000 11/02/2000 26022000 13032009 28032009 12042009  27i04/2009

Figure 31. Concluded.

The maximum pre-melt SWE for the wetland HRU ranged from 130 mm to 160
mm; the river channel HRU had about 210-220 mm maximum pre-melt SWE, showing
that wetland and river channel are the major ‘snow sinks’.

For both calibrated and uncalibrated modelling, the simulated SWE during the February-
April of 2008 and 2009 were evaluated against observations. For the simulation in 2008
simulation period, three comparisons during the pre-melt period: 7 February, 28 February,
and 20 March and four comparisons during the melt period: 11-14 April were conducted.
Three comparisons during the pre-melt period: 5 February, 3 March, and 20 March and
four comparisons during the melt period: 3-9 April were carried out for the simulation in
2009 simulation period. Figure 32 and 33 show the comparisons of the observed SWE
and the simulated SWE for fallow, stubble, grassland, river channel, open water,
woodland and wetland HRUs in sub-basin 1. For the 2008 simulation period, the
calibrated and uncalibrated simulations had very similar results and both were generally
in good agreement with the observations for most HRUs; except for fallow, stubble,
grassland and open water HRUs during the melt period. For the 2009 simulation period
with the delay melt starting date, very comparable results were found between the
calibrated and uncalibrated simulations, which matched the observations fairly well in the
pre-melt period for all HRUs. During the melt period, there was some moderate
difference between the simulated and observed SWE for fallow, stubble, and open water
HRUs, and the simulations were generally comparable to the observations for grassland,
river channel, woodland, and wetland HRUs.
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Figure 32. Comparisons of the observed and simulated snow accumulation (SWE) during
2008 simulation period for seven HRUs in the sub-basin 1 of Smith Creek
Research Basin. (a) fallow, (b) stubble, (c¢) grassland, (d) river channel, (e) open
water, (f) woodland, and (g) wetland.

67



701 (a) 801(b)

iy a w
o o
5 601 ° o % o 8
£ E 60
E 50 o £
T c o a
g wio $ wlo
L o E 4
30 1
£ a § o
o 4 o]
< 2 ° < 207 o]
2 101 3
c o tﬁ (o]
2 ol : . : — 8o ol . . : —aB
02-Feb 16-Feb 02-Mar 16-Mar 30-Mar 13-Apr 02-Feb 16-Feb 02-Mar 16-Mar 30-Mar 13-Apr
2009 300 < 2009
m 120 1 (c) o (d)
=
% 100 - éa éa » 250 1
g ° o £ o o oy
S 80 -} = 20014 o %
S 2 o
% 601 o 08 5 1501
E E o
3 40 o g 100 °
(5]
3 <
N ¢ 50
3 K
c fe) U":J
@ ol : : : — e ol . : : : :
02-Feb 16-Feb 02-Mar 16-Mar 30-Mar 13-Apr 02-Feb 16-Feb 02-Mar 16-Mar 30-Mar 13-Apr
2009 i 2009
= 100 1 (¢) o 120 7 )
% [ o ug: 100 - &
£ 80 1 ° £ (o]
3 a E 80 4 o
S 601ga S 8 e
= = d
& p L 60 o o
E 40 1 £
3 3 40
8 o g
; 20 On 3 20
] o o
c uc'l -]
@ ol : : : — o oL . . . : :
02-Feb 16-Feb 02-Mar 16-Mar 30-Mar 13-Apr 02-Feb 16-Feb 02-Mar 16-Mar 30-Mar 13-Apr
2009 2009
_. 160 -
g (9)
3 140 4 8 an
2 a
E 120 4 A o
E o
s 100 - o O Observation
% 80- 2 O Calibrated Simulation
3 -} A Uncalibrated Simulation
E 60
o
§ 4 o
3 20-
&
04 . . . . .
02-Feb 16-Feb 02-Mar 16-Mar 30-Mar 13-Apr
2009

Figure 33. Comparisons of the observed and simulated snow accumulation (SWE) during
2009 simulation period for seven HRUs in the sub-basin 1 of Smith Creek
Research Basin. (a) fallow, (b) stubble, (c¢) grassland, (d) river channel, (e) open
water, (f) woodland, and (g) wetland.
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Table 10 shows the RMSD for SWE simulations in all five sub-basins. For the 2008
simulation period, values of RMSD were very close between the calibrated and
uncalibrated simulations for HRUs in all sub-basins except for wetland HRU in sub-basin
2 and sub-basin 3. The RMSD ranged from 1.7 to 7.9 mm for fallow, stubble, open water,
and woodland HRUs, indicating generally good performance; larger RMSD were found
for grassland, river channel, and wetland HRUs, ranging from 7.1 to 25.2 mm. For the
2009 simulation period, values of RMSD were nearly identical between the calibrated
and uncalibrated simulations in all sub-basins and were slightly larger than those in the
2008 simulation period. For fallow, stubble, grassland, and woodland HRUs, the RMSD
ranged from 4.3 to 8.6 mm, while greater RMSD ranging from 7.8 to 22.4 mm were for
river channel, open water, and wetland HRUs. In general, both calibrated and
uncalibrated modelling had better simulations in the 2008 simulation period compared to
the 2009 simulation period. Nevertheless, both calibrated and uncalibrated modelling
well simulated the general sequence of wind redistribution of snow: relocating snow from
fallow and stubble fields to river channels and wetlands.

Table 10. Evaluation of snowpack simulations with the root mean square difference
(RMSD, mm SWE). The values inside parentheses are for the uncalibrated
simulations and the values outside parentheses are for the calibrated simulations.

2008 2009

Sub-  Sub- Sub- Sub- Sub- Sub- Sub- Sub- Sub- Sub-
basin basin basin  basin  basin basin basin basin basin  basin

HRU Name 1 2 3 4 5 1 2 3 4 5
26 18 27 26 17 62 62 62 61 58

Fallow 26) (26) (1.9 (19 (1.7 (62) (62) (62) (6.1) (5.8
33 33 70 68 6.1 45 52 86 82 81

Stubble (33) (33) (69 (68) (6.1) (43) (52) (8.6 (82 (8.1
163 167 149 181 159 45 49 43 49 44

Grassland  (16.6) (19.2) (163) (19.9) (16.6) (4.7) (52) (43) (52) (4.4)
174 174 127 134 154 179 179 151 162 179
River Channel (17.4) (17.4) (10.3) (17.2) (10.0) (17.9) (17.9) (10.7) (17.9) (9.5
54 54 55 55 79 152 152 151 150 149
Open Water  (5.4) (5.4) (5.5 (5.5) (79 (152) (152) (15.1) (15.0) (14.9)
20 30 29 28 27 84 84 83 83 83
Woodland  (3.1) (3.1) (27 (28 (27 (84) (84) (83) (83) (83)
64 96 173 179 108 78 103 160 153  10.1
Wetland (7.1) (252) (123) (16.7) (11.5) (84) (224) (13.0) (14.5 (11.4)

6.1.2 Spring Soil Moisture Prediction and Comparison

After the 12.6 mm rainfall occurred on 22 March 2009, ice layer formation in the
cropland, grassland, and shrubby wetland areas was noticed. The snowmelt infiltration
into soils was restricted with the ice layer forming above soils, and the initial fall
moisture status of soil matrix was no longer valid in this case. To cope with this, the
initial fall soil saturation of 2008 for fallow, stubble, and grassland HRUs was adjusted to
80% from their original measured values present in Table 4, and the initial fall soil
saturation of 2008 for the wetland HRU was set to full saturation (100%). With this
adjustment, the predicted volumetric spring soil moisture from 14 April to 8 May in both
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2008 and 2009 was tested against the observations from the main weather station (Figure
34). Earlier observations cannot be used because of partially frozen soil. Both calibrated
and uncalibrated simulations had identical results; simulated values were generally higher
than observed in the 2008 simulation and lower than the observed in the 2009 simulation
period (Figure 34). Table 11 shows the RMSD for spring soil moisture predictions in both
2008 and 2009. The calibrated and uncalibrated had the same performance; the RMSD
were 0.011 and 0.009 for 2008 and 2009, respectively, indicating on average, the
difference between the observed and simulated volumetric soil moisture was 1.1% and
0.9%.  This difference is within the range of variability expected from small scale
variations and measurement errors.

Observation
—————— Calibrated Simulation
———— Uncalibrated Simulation

(a) (b)

0.50 0.50
0.45 0.45
£ 0.0 1 £ 0401
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3 0.35 1 3 0.35
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7]
£ 0.15 1 £ 0.15 1
3 3
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0.05 1 0.05 1
0.00 0.00

14-Apr 19-1-'\pr 24-;kpr 29-!-I\pr m-h:lay 14-Apr 19-;\pr 24-};\pr 29-;\pr 04-|'.:Iay
2008 2009
Figure 34. Comparisons of the observed and simulated volumetric spring soil moisture
from the main weather station in the Smith Creek Research Basin. (a) 2008

simulation period and (b) 2009 simulation period.

Table 11. Evaluation of volumetric spring soil moisture predictions with the root mean
square difference (RMSD) in 2008 and 2009 simulation periods.

Year Calibrated Simulation Uncalibrated Simulation
2008 0.011 0.011
2009 0.009 0.009

6.1.3 Spring Streamflow Prediction and Comparison

For both calibrated and uncalibrated modelling, the simulations of spring streamflow
were compared to the observations for both 2008 and 2009 simulation periods. Figure 35
shows the comparisons among the observed daily mean basin discharge and calibration
and uncalibrated simulations. For the 2008 simulation period, both calibrated and
uncalibrated simulations had good timing of the peak daily discharge (Figure 35(a)); the
peak daily discharge was one day ahead and two days late compared to the observed one.
The observed peak daily discharge was 4.65 m® s, which is very comparable to the
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calibrated (4.47 m® s™") and uncalibrated (4.68 m’ s™") simulations (Table 12). On average,
relatively small differences between the observed daily discharge and the simulations
were found; Table 12 shows that the RMSD were 0.03 and 0.12 m® s! for the calibrated
and uncalibrated simulations, respectively. Both simulations predicted 27 days of spring
streamflow, which is three days shorter than the observed streamflow duration. MB listed
in Table 12 for the calibrated and uncalibrated simulations was -0.12 and -0.32,
suggesting that the calibrated and uncalibrated simulations underestimated the cumulative
basin discharge by 12% and 32%. The calibrated simulation appears to be better than the
uncalibrated one, but the key parameter sdmax in the upland area was calibrated by
comparing the simulated discharge to the observed one, which without doubt makes the
calibrated simulation closer to the observation. On the other hand, the uncalibrated
simulation used the sdm.x estimated from automated processes, which are subject to
cumulative errors. The underestimation of seasonal discharge and discharge at the end of
the spring period suggests that additional parameterisation of drained wetlands is needed
in future versions of CRHM and PHM.

Table 12. Evaluation of simulating spring basin discharge with root mean square
difference (RMSD, m’ s™), model bias (MB), peak discharge (m’s™), and
duration of discharge (day) in 2008 and 2009 simulation periods. CS, US, and
Obs are calibrated simulation, uncalibrated simulation, and observation,

respectively.
RMSD Peak Discharge Duration
(m’/s) MB (m’/s) (Day)
Year CS US CS US Obs CS US Obs CS US
2008 0.03 0.12 -0.12 -0.32 4.65 447 4.68 30 27 27
2009 0.27 0.33 -0.30 -0.56 6.22 6.85 6.29 40 20 20
—— Observation
—————— Calibrated Simulation
—r——- Uncalibrated Simulation
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Figure 35. Comparisons of the observed and simulated spring daily mean discharge in the
Smith Creek Research Basin. (a) 2008 simulation period and (b) 2009 simulation
period.
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For the 2009 simulation period, as explained in previous section, the starting date for
major snowmelt was delayed for all HRUs and fall soil moisture status for cropland,
grassland, and wetland HRUs was adjusted to high or full saturation due to the rainfall
event on 22 March 2009. The calibrated simulation predicted the peak daily discharge
two days earlier than the observed one, while the uncalibrated had the same timing for
peak daily discharge as did the observation (Figure 35(b)). The calibrated and
uncalibrated simulations of peak discharge were 6.85 and 6.29 m’ s, respectively, which
were quite similar to the observed (i.e. 6.22 m® s™'; Table 12). RMSD were 0.27 and 0.33
m’ s” for the calibrated and uncalibrated simulations, respectively, indicating that on
average, the difference between the observation and calibrated simulation was slightly
smaller. The simulated duration of spring streamflow was 20 days shorter than the
observed one. For the cumulative basin spring discharge, the simulated magnitude was
lower by 30% and 56% for the calibrated and uncalibrated simulations, respectively. The
relatively large difference in the timing and the magnitude of the basin discharge between
simulations and observation is attributed to the nature of representation of wetlands in the
model. That is, only single type of wetland HRU was set up for the entire basin. This
might be oversimplified as there are other types of wetland (e.g. drained wetland vs.
intact wetland). This issue will be discussed more in the following recommendation
section of this report.

An additional model test was conducted using the meteorological data from Yorkton
Airport, Saskatchewan with the same modelling parameters and structure. The
meteorological data include hourly air temperature, relative humidity, vapour pressure,
wind speed, daily precipitation, and estimated hourly incoming shortwave radiation using
a simple method presented by Annandale et al. (2002). The purpose is to assess the
importance and usefulness of a weather station in the basin. Figure 36 illustrates the
comparisons among the calibrated and uncalibrated simulations and observations of
spring daily basin discharge in 2008 and 2009 simulation periods. For the 2008
simulation period, the calibrated and uncalibrated simulated peak daily discharge was
5.73 and 5.17 m’ s, respectively, which was still comparable to the observed (4.65 m® s™';
Table 13). Both simulations predicted the timing of peak daily discharge by about seven
days late compared to the observation. RMSD were 0.19 and 0.13 m® s for the calibrated
and uncalibrated simulations, respectively; MB present in Table 13 for the calibrated and
uncalibrated simulations was 0.36 and -0.10, showing the simulations still had relatively
good performance.

However, for the 2009 simulation period, much higher peak daily discharge was
predicted in calibrated (53.20 m® s™) and uncalibrated (53.20 m’ s™") simulations shown in
Figure 36(b). The timing for the peak discharge was simulated as14 days late compared
to the observed. Table 13 shows large values of RMSD for the calibrated (2.45 m® s™)
and uncalibrated (2.15 m’ s') simulations, and the calibrated and uncalibrated
simulations overestimated the cumulative basin discharge by 438% and 375% as
indicated by the values of MB. Overall, the model performance using the meteorological
data from Yorkton is not acceptable even though all the model structure and parameters
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were kept unchanged. Thus, it is important and imperative to have a station collecting
weather information within the basin.

Table 13. Evaluation of simulating spring basin discharge using meteorological data from
Yorkton, with root mean square difference (RMSD, m’ s™'), model bias (MB),
peak discharge (m® s™), and duration of discharge (day) in 2008 and 2009
simulation periods. CS, US, and Obs are calibrated simulation, uncalibrated
simulation, and observation, respectively.

RMSD Peak Discharge
(m3/s) MB (m3/s)
Year CS US CS uUsS Obs CS US
2008 0.19 0.13 0.36 -0.10 4.65 573 517
2009 245 215 4.38 3.75 6.22 53.20 48.36
Observation

—————— Calibrated Simulation
—_———— Uncalibrated Simulation
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Figure 36. Comparisons of the observed and simulated spring daily mean discharge in the

Smith Creek Research Basin using meteorological data from Y orkton. (a) 2008

simulation period and (b) 2009 simulation period.

6.2 Comparison of Wetland Storage Estimation using the LiDAR V-A-h and V-A Methods

6.2.1 Assessing Volume Error for the Study Wetlands

Volumes estimated by the LiDAR V-4-h method for the 11 study wetlands at SDNWA
were compared to the actual volumes. The topography of each wetland varied, with
relatively high topographic slope at SDNWA, so there were many area measurements
extracted for each wetland. Depending on how many area measurements were obtained
from the DEM, there were either one or multiple s coefficients calculated for each
wetland. When using the automated method, the Visual Basic script was able to generate
every possible s coefficient near-instantaneously. For each wetland, there was an s
coefficient that was most accurate and produced the lowest root-mean-squared (RMS)
volume error (V) (Figure 37(a)). However, when the actual wetland volumes are not
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known, it is not possible to identify the most accurate s coefficient. Therefore, every
possible combination of 4, and A, were analyzed and the average s coefficient was used

to estimate volume. The average volume error was 15%, ranging from 2% to 44% (Figure
37(b)).
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Figure 37. LiDAR V-A-h method error assessment. (a) Minimum root-mean-squared
(RMS) volume error produced by the LIDAR V-4-h method and (b) RMS volume
error produced by using an average s coefficient in the LIDAR V-4-h method.

6.2.2 Comparison between the LiDAR V-A-h to V-A Methods

The maximum volume estimated by the LiDAR V-4-h method was compared to
maximum volume estimated by the two V-4 equations. Maximum volume estimated by
the LiDAR V-4-h method was, on average, more accurate than that estimated through the
Wiens (2001) and Gleason et al. (2007) V-4 equations (Figure 38). When comparing the
estimated volume to the actual, the Wiens equation consistently underestimated Vpax.
This was most evident for wetlands at SDNWA, especially the large wetlands (Figure
38(b)). Since the equation was developed for the Upper Assiniboine River Basin, it seems

74



that the regression equation did not suite the rolling moraine topography of SDNWA. The
appropriate V-4 equation for SDNWA was the Prairie Coteau physiographic equation
(Equation [46]). While this equation adequately estimated the volumes of large wetlands
(i.e. ~4,500 m’) (Figure 38(b)), it consistently underestimated the volume of small
wetlands (Figure 38(a)).
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Figure 38. Volume estimated through the LiIDAR V-4-h method, Wiens method and
Gleason method for (a) small and (b) large wetlands at SDNWA.
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7. Sensitivity Analysis of Smith Creek Scenario Simulations

7.1 Scenario Description

Two types of scenarios: a land use scenario and a drainage scenario were created. In the
land use scenario, scenarios range from ‘complete forest cover’ to ‘primarily agricultural
land use’; while ‘high natural wetland extent/poorly drained’ and ‘minimal wetland
extent/well drained’ are the spectrums of the drainage scenario. The ‘complete forest
cover’ scenario involves conversion of fallow and stubble fields to tree woodland;
whereas grassland and tree woodland are converted to fallow and stubble in the
‘primarily agricultural land use’. The ‘high natural wetland extent/poorly drained’
scenario converts fallow and stubble to wetland and open water at the 1958 extent, and
correspondingly reduces the river channel to the 1958 network. The ‘minimal wetland
extent/well drained’ scenario focuses on losing wetland and open water to increase fallow
and stubble fields. In both drainage scenarios, there is an alteration of channel drainage
condition.

7.1.1 2007-2008 Scenario Simulations

The 2007-2008 scenarios simulations were conducted in CRHM using the LIDAR-DEM
derived parameters (basin area, sub-basin area, HRU area, sd.x) without any calibration.
The CRHM simulation during 31 October 2007 to 8 May 2008 was used as baseline.

In each scenario, four levels of change: 25%, 50%, 75%, and “extreme” full change
(~100%) were generated. In addition, two stages: initial stage and mature stage were
differentiated for each level of change. At the initial stage, the new target HRU inherits
the original converting HRU’s surface and soil properties. For instance, when converting
fallow and stubble HRUs to woodland HRU at the initial stage, the new woodland HRU
would inherit properties from fallow and stubble HRUs, such as fall soil saturation (6)
and maximum surface depression storage (sdmax). Values of these parameters are based
on area-weighted estimation shown in Equations [61] and [62].

Area(Woodland)
Area(Woodland) + AArea(Fallow) + AArea(Stubble)
0 AArea(Fallow) [61]
Fallow ol Area(Woodland ) + AArea(Fallow) + AArea(Stubble)
AArea(Stubble)
Area(Woodland) + AArea(Fallow) + AArea(Stubble)

a/\/oodland _new = a/\/oodland _old

+0Stubb|e_old

Area(Woodland)
Area(Woodland )+ AArea(Fallow) + AArea(Stubble)
AArea(Fallow) [62]
Area(Woodland) + AArea(Fallow) + AArea(Stubble)
AArea(Stubble)
Area(Woodland) + AArea(Fallow) + AArea(Stubble)

sd _ MaXyysodiand _new = sd _ MaXwoodiand_old

+Sd _max Fallow _old

+sd _max Stubble_old
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Compared to the initial stage, the new target HRU evolves to its own properties and does
not inherit the original converting HRU’s properties at the mature stage. For example,
when converting fallow and stubble HRUs to woodland HRU at the mature stage,
eWoodland_new = eWoodland_ald and Sd_maXWoodland_new = Sd_maXWoodland_old- In total, 32 2007-
2008 scenario simulations were created and are described in Figure 39.

HRU area, fall soil saturation, and sdy.x were changed and are presented in Table 14 to
17 for the initial stage scenarios of ‘complete forest cover’, ‘primarily agricultural land
use’, ‘high natural wetland extent/poorly drained’, and ‘minimal wetland extent/well
drained’. Table 18 to 21 show the HRU area, fall soil saturation, and sd.x for these four
scenarios at the mature stage. In addition, for both drainage scenarios, channel drainage
condition was altered by changing the routing distribution parameter that is discussed in
the Section 5.1.5. Table 22 to 23 list the values for the routing distribution parameter
between HRUs within each sub-basin. Higher values indicate more runoff is routed from
other HRUs. In the scenario of ‘high natural wetland extent/poorly drained’, the routing
distribution parameter for river channel HRUs ranges from 0.28 (fallow, stubble, and
grassland HRUs) and 0.45 (woodland HRU) in the ‘normal case’ to 0.07 (fallow, stubble,
and grassland HRUs) and 0.10 (woodland HRU) in the extreme full change level (1958
channel drainage condition). In the scenario of ‘minimal wetland extent/well drained’, the
routing distribution parameter for river channel HRUs ranges from 0.28 (fallow, stubble,
and grassland HRUs) and 0.45 (woodland HRU) in the ‘normal case’ to 0.40 (fallow,
stubble, and grassland HRUs) and 0.86 (woodland HRU) in the complete conversion case.

7.1.2 Historical Scenarios Simulations

The historical scenarios simulations were carried out in CRHM based on the LiDAR-
DEM derived parameters (basin area, sub-basin area, sdmax). The current supervised land
use classification was used as the basis for HRU area alteration. Meteorology during
1965-82 and 1993-2005 periods was input for the simulations; initial fall soil moisture
status was estimated from the average measured data in the nearby area (i.e. Yorkton,
Russell, Langenburg, and Runnymede) during these periods. Initial fall surface
depression storage (sdiy;) during these two historical periods was approximated by using
the total rainfall in September and October as an index. The purpose of the historical
scenarios simulations is not to reproduce the spring basin hydrograph, but to examine the
sensitivity of the spring basin discharge to the changes in land use and drainage. The
flowchart of historical scenarios is shown in Figure 40. Four scenarios: ‘forest
conversion’, ‘agricultural conversion’, ‘wetland restoration’, and ‘wetland drainage’ were
created, and 116 scenario simulations were generated for 29-year period (i.e. 1965-82 and
1993-2005). Table 24 to 25 show the changes in HRU area and routing distribution
parameter corresponding to these four scenarios.
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I Smith Creek 2007-2008 Scenarios

o
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Figure 39. Development of Smith Creek 2007-2008 scenarios.
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Table 14. Changes of HRU area, fall soil saturation, and sdp.x for the scenarios of ‘complete forest cover’ at the initial stage. Note that

bold italic values are area-weighted estimation.

HRU Area (km?) Fall Soil Saturation (%) S max (MmM)

Sub-basin 1 2 3 4 5 Sub-basin 1 2 3 4 5 Sub-basin 1 2 3 4 5
2007-08 Normal Case 2007-08 Normal Case 2007-08 Normal Case

fallow 6.30 1.70 2.10 3.10 0.30 |fallow 46.00 46.00 46.00 46.00 46.00 [fallow 61.00 67.00 69.00 67.00  69.00

stubble 121.90 31.00 3450 21.80 6.30 |[stubble 50.00 50.00 50.00  50.00  50.00 |stubble 61.00 67.00 69.00 67.00  69.00

woodland 49.00 1240 1270 9.20 3.00 [woodland 53.00 53.00 53.00 53.00 53.00 [woodland 78.00 86.00 90.00 88.00  87.00
25% Conversion 25% Conversion 25% Conversion

fallow 4.75 1.30 1.60 235 0.25 |fallow 46.00 46.00 46.00 46.00 46.00 [fallow 61.00 67.00 69.00 67.00  69.00

stubble 9145 2328 2590 16.38 4.75  |stubble 50.00 50.00 50.00  50.00 50.00 |stubble 61.00 67.00 69.00 67.00  69.00

woodland 81.00 20.53 21.80 15.38 4.60 |woodland 51.74 51.73 51.66 51.60 51.91 (woodland 71.28 78.48 81.23 7957 80.74
50% Conversion 50% Conversion 50% Conversion

fallow 3.20 0.90 .10 1.60 0.20 |fallow 46.00 46.00 46.00 46.00 46.00 [fallow 61.00 67.00 69.00 67.00  69.00

stubble 61.00 15.55 17.30 10.95 320 |stubble 50.00 50.00 50.00  50.00  50.00 |[stubble 61.00 67.00 69.00 67.00  69.00

woodland 113.00 28.65 3090 21.55 6.20 [woodland 51.19 51.19 51.10 51.00 51.39 |woodland 68.37 75.22 7763 7597 77.71
75% Conversion 75% Conversion 75% Conversion

fallow 1.65 0.50 0.60 0.85 0.15 |fallow 46.00 46.00 46.00 46.00 46.00 [fallow 61.00 67.00 69.00 67.00 69.00

stubble 30.55 7.83 870 5.53 1.65  |stubble 50.00 50.00 50.00  50.00  50.00 |[stubble 61.00 67.00 69.00  67.00  69.00

woodland 145.00 36.78  40.00 27.73 7.80 [woodland 50.89 50.88 50.80 50.67 51.08 ([woodland 66.74 73.41 75.67 7397 7592
Complete (~100%) Conversion Complete (~100%) Conversion Complete (~100%) Conversion

fallow 0.10 0.10 0.10 0.10 0.10 |fallow 46.00 46.00 46.00 46.00 46.00 [fallow 61.00 67.00 69.00 67.00  69.00

stubble 0.10 0.10 0.10  0.10 0.10 |stubble 50.00 50.00 50.00  50.00 50.00 |[stubble 61.00 67.00 69.00 67.00  69.00

woodland 177.00 4490 49.10 33.90 9.40 |woodland 50.69 50.69 50.61 50.46  50.87 |woodland 65.71 72.25 7443 7270 7474
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Table 15. Changes of HRU area, fall soil saturation, and sdp.x for the scenarios of ‘primarily agricultural land use’ at the initial stage.
Note that bold italic values are area-weighted estimation.

HRU Area (km?) Fall Soil Saturation (%) S max (Mm)

Sub-basin 1 2 3 4 5 Sub-basin 1 2 3 4 5 Sub-basin 1 2 3 4 5
2007-08 Normal Case 2007-08 Normal Case 2007-08 Normal Case

fallow 6.30 1.70 2.10  3.10 0.30 |fallow 46.00 46.00 46.00 46.00 46.00  [fallow 61.00 67.00 69.00 67.00 69.00

stubble 121.90 31.00 3450 21.80 6.30 [stubble 50.00  50.00 50.00 50.00 50.00 [stubble 61.00 67.00 69.00 67.00 69.00

grassland 22.60 2.80 5.50 1.40 0.70 |grassland 54.00 54.00 54.00 54.00 54.00 |grassland 86.00 100.00 95.00 104.00 102.00

woodland 49.00 1240 12.70  9.20 3.00 (|woodland 53.00 53.00 53.00 53.00 53.00 [woodland 78.00 86.00 90.00 88.00  87.00
25% Conversion 25% Conversion 25% Conversion

fallow 7.41 1.93 238  3.26 0.35 |fallow 47.09 46.86 46.86  46.35 47.10  [fallow 63.92 69.59 7164 6814 7215

stubble 138.64 3452 38772 2424 7.12  |stubble 50.40 50.32 5036 50.31 50.37  [stubble 63.36 69.19 7145 6931 7137

grassland 16.98 2.13 4.15 1.08 0.55 |grassland 54.00 54.00 54.00 54.00 54.00 |grassland 86.00 100.00 95.00 104.00 102.00

woodland 36.78 9.33 9.55 6.93 2.28 |woodland 53.00 53.00 53.00 53.00 53.00 [woodland 78.00 86.00 90.00 88.00  87.00
50% Conversion 50% Conversion 50% Conversion

fallow 8.51 2.17 266 342 0.41 |fallow 47.90 4754 4753  46.67 4791  [fallow 66.08 71.62 73.72  69.17 74.46

stubble 155.39 38.03 4294 26.68 7.94  |stubble 50.71 5059 50.65 50.57 50.66  [stubble 65.21 70.98 7342 7121 7325

grassland 11.35 1.45 2.80 0.75 0.40 |grassland 54.00 54.00 54.00 54.00 54.00 |grassland 86.00 100.00 95.00 104.00 102.00

woodland 24.55 6.25 6.40  4.65 1.55  |woodland 53.00 53.00 53.00 53.00 53.00 |woodland 78.00 86.00 90.00 88.00  87.00
75% Conversion 75% Conversion 75% Conversion

fallow 9.62 2.40 294  3.58 0.46 |fallow 48,53 48.09 48.08  46.96 48.52  [fallow 67.74 73.26 7541 7010 76.24

stubble 172.13 41.55 47.16 29.12 8.76  [stubble 50.97 50.81 50.89 50.79 50.89  [stubble 66.70 72.47 75.04 7278 74.78

grassland 5.73 0.78 145 043 0.25 |grassland 54.00 54.00 54.00 54.00 54.00 |grassland 86.00 100.00 95.00 104.00 102.00

woodland 12.33 3.18 325 238 0.83  |woodland 53.00 53.00 53.00 53.00 53.00 |woodland 78.00 86.00 90.00 88.00  87.00
Complete (~100%) Conversion Complete (~100%) Conversion Complete (~100%) Conversion

fallow 10.73 2.63 322 374 0.52  |fallow 49.02 4854 4853  47.23 49.01 [fallow 69.06 74.61 7681 70.96 77.64

stubble 188.87 45.07 5138 31.56 9.58 |stubble 51.18 50.99 51.08 50.97 51.09  [stubble 67.92 73.72 76.39 7411  76.05

grassland 0.10 0.10 0.10  0.10 0.10 |grassland 54.00 54.00 54.00 54.00 54.00 |grassland 86.00 100.00 95.00 104.00 102.00

woodland 0.10 0.10 0.10  0.10 0.10  |woodland 53.00 53.00 53.00 53.00 53.00  |woodland 78.00 86.00 90.00 88.00 87.00
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Table 16. Changes of HRU area, fall soil saturation, and sdp.x for the scenarios of ‘high natural wetland extent/poorly drained’ at the
initial stage. Note that bold italic values are area-weighted estimation.

HRU Area (km?) Fall Soil Saturation (%) S max (Mm)
Sub-basin 1 2 3 4 5 |Sub-basin 1 2 3 4 5 Sub-basin 1 2 3 4 5
2007-08 Normal Case 2007-08 Normal Case 2007-08 Normal Case
fallow 6.30 1.70 2.10  3.10 0.30 |fallow 46.00  46.00  46.00 46.00 46.00 [fallow 61.00 67.00  69.00 67.00 69.00
stubble 121.90 31.00 34.50 21.80 6.30 |stubble 50.00  50.00 50.00 50.00 50.00 [stubble 61.00 67.00 69.00 67.00 69.00
wetland 23.20 2.60 270  1.80 0.50 |wetland 87.00  87.00  87.00 87.00 87.00 (|wetland 317.00 374.00 395.00 386.00  366.00
open water 10.50 1.00 0.50 0.40 0.10 |open water 100.00 100.00 100.00 100.00 100.00 |open water 317.00 374.00 395.00 386.00  366.00
river channel 0.80 0.20 0.50  0.20  0.10 {river channel 100.00 100.00 100.00 100.00 100.00 [river channel 200.00 200.00 200.00  200.00  200.00
25% Conversion 25% Conversion 25% Conversion
fallow 5.90 1.61 1.90 3.02 0.28 [fallow 46.00  46.00  46.00 46.00 46.00 [fallow 61.00 67.00  69.00 67.00 69.00
stubble 11592 29.60 31.47 20.56 5.94 |stubble 50.00  50.00 50.00 50.00 50.00 [stubble 61.00 67.00 69.00 67.00 69.00
wetland 27.79 3.67 503 275 0.78 |wetland 80.64 75.85 69.10 73.76 72.96 |wetland 27449 28423 24316 27563  258.46
open water 12.47 1.46 1.50 0.81 0.22 |open water 100.00 100.00 100.00 100.00 100.00 |open water 276.39 277.19 17653 22470  202.59
river channel 0.63 0.17 0.41 0.17  0.09 |river channel 100.00 100.00 100.00 100.00 100.00 [river channel 200.00 200.00 200.00  200.00  200.00
50% Conversion 50% Conversion 50% Conversion
fallow 5.51 1.51 .70 294 0.25 [fallow 46.00  46.00  46.00 46.00 46.00 [fallow 61.00 67.00  69.00 67.00 69.00
stubble 109.93 2820 28.44 19.33 5.58 |stubble 50.00  50.00 50.00 50.00 50.00 [stubble 61.00 67.00  69.00 67.00 69.00
wetland 32.37 4.74 736 3.69 1.06 |wetland 76.08 69.73  62.53 67.31 66.34 |wetland 24403 23493 18743 221.78  207.73
open water 14.43 1.92 2.50 1.21  0.34 |open water 100.00 100.00 100.00 100.00 100.00 |open water 246.85 226.63 132.75 171.37  154.53
river channel 0.46 0.14 0.31 0.14  0.07 [river channel 100.00 100.00 100.00 100.00 100.00 |[river channel 200.00 200.00 200.00 200.00 200.00
75% Conversion 75% Conversion 75% Conversion
fallow 5.11 1.42 1.50 285 0.23 [fallow 46.00  46.00  46.00 46.00 46.00 [fallow 61.00 67.00 69.00 67.00 69.00
stubble 103.95 26.80 2541 18.09 5.22 |stubble 50.00  50.00  50.00 50.00 50.00 [stubble 61.00 67.00  69.00 67.00 69.00
wetland 36.96 5.80 9.68 4.64 134 |wetland 7266 65.86 59.11 63.48 62.48 |wetland 221.13 203.77 158.48  189.90 178.20
open water 16.40 2.37 3.49 1.62  0.46 |open water 100.00 100.00 100.00 100.00 100.00 |open water 22438 19557 113.98 144.80 131.54
river channel 0.29 0.10 022 0.10 0.06 [river channel 100.00 100.00 100.00 100.00 100.00 [river channel 200.00 200.00 200.00 200.00  200.00
Complete (~100%) Conversion Complete (~100%) Conversion Complete (~100%) Conversion
fallow 4.72 1.33 1.30  2.77 0.20 [fallow 46.00  46.00  46.00 46.00 46.00 [fallow 61.00 67.00  69.00 67.00 69.00
stubble 9796 2540 2238 16.86 4.86 [stubble 50.00  50.00 50.00 50.00 50.00 [stubble 61.00 67.00 69.00 67.00 69.00
wetland 41.00 6.60 12.00 530 1.80 [wetland 7091 65.77 57.07 64.18 53.96 |wetland 205.95 189.76 140.88  177.73  142.99
open water 18.90 3.10 450 230 0.40 |open water 100.00 100.00 100.00 100.00 100.00 |open water 200.82 159.35 103.32 11319 171.20
river channel 0.12 0.07 0.12  0.07 0.04 [river channel 100.00  100.00 100.00 100.00 100.00 [river channel 200.00 200.00 200.00  200.00  200.00

81



Table 17. Changes of HRU area, fall soil saturation, and sdp.x for the scenarios of ‘minimal wetland extent/well drained’ at the initial
stage. Note that bold italic values are area-weighted estimation.

HRU Area (km?) Fall Soil Saturation (%) S max (MmM)

Sub-basin 1 2 3 4 5 |Sub-basin 1 2 3 4 5 Sub-basin 1 2 3 4 5
2007-08 Normal Case 2007-08 Normal Case 2007-08 Normal Case

fallow 6.30 1.70 2.10 3.10 0.30 |fallow 46.00 46.00 46.00 46.00 46.00 |fallow 61.00 67.00 69.00 67.00 69.00

stubble 121.90 31.00 3450 21.80 6.30 |[stubble 50.00 50.00 50.00 50.00 50.00 [stubble 61.00 67.00 69.00 67.00 69.00

wetland 23.20 2.60 2.70 1.80  0.50 [wetland 87.00 87.00 87.00 87.00 87.00 |wetland 317.00  374.00 395.00 386.00  366.00

open water 10.50 1.00 0.50 040  0.10 |open water 100.00 100.00 100.00 100.00 100.00 |open water 317.00  374.00 395.00 386.00 366.00
25% Conversion 25% Conversion 25% Conversion

fallow 6.82 1.75 2.15 3.13  0.31 |fallow 49.43 47.34 46.93 46.43 46.83 |fallow 80.50 76.23 76.06  70.16 75.02

stubble 129.76  31.80 3520 2227 6.39 |stubble 52.48 51.01 50.77 50.82 50.54 [stubble 76.50 7470 7551 73.72 73.36

wetland 17.43 1.98 2.05 1.38  0.40 |wetland 87.00 87.00 87.00 87.00 87.00 |wetland 317.00  374.00 395.00 386.00  366.00

open water 7.90 0.78 0.40 0.33  0.10 |open water 100.00 100.00 100.00 100.00 100.00 |open water 317.00  374.00 395.00 386.00 366.00
50% Conversion 50% Conversion 50% Conversion

fallow 7.34 1.81 2.19 3.16 0.31 |fallow 52.37 48.60 47.81 46.84 47.63 |fallow 97.24 8493 8283 73.26 80.79

stubble 137.61 3259 3591 22774 6.49 |stubble 54.69 51.98 51.52 51.61 51.07 [stubble 90.23 82.02 8177 80.16 77.59

wetland 11.65 1.35 1.40 0.95  0.30 [wetland 87.00 87.00 87.00 87.00 87.00 |wetland 317.00  374.00 395.00 386.00 366.00

open water 5.30 0.55 0.30 0.25  0.10 |open water 100.00 100.00 100.00 100.00 100.00 |open water 317.00  374.00 395.00 386.00  366.00
75% Conversion 75% Conversion 75% Conversion

fallow 7.86 1.86 2.24 3.19 0.32 |fallow 54.93 49.78 48.66 47.25 48.39 |fallow 111.76 93.13 8931 76.29 86.34

stubble 14547 3339  36.61 2321 6.58 |stubble 56.65 52.90 52.23 52.36 51.58 [stubble 102.47 88.99 87.79 86.34 81.70

wetland 5.88 0.73 0.75 0.53  0.20 [wetland 87.00 87.00 87.00 87.00 87.00 |wetland 317.00  374.00 395.00 386.00 366.00

open water 2.70 0.33 0.20 0.18  0.10 |open water 100.00 100.00 100.00 100.00 100.00 |open water 317.00  374.00 395.00 386.00  366.00
Complete (~100%) Conversion Complete (~100%) Conversion Complete (~100%) Conversion

fallow 8.38 1.91 2.29 322 0.32 |fallow 57.17 50.90 49.48 47.65 49.13 |fallow 124.48  100.88 9553  79.27 91.68

stubble 153.32 3419 3731 23.68 6.68 |[stubble 58.41 53.77 52.92 53.09 52.08 [stubble 113.47 95.64 9358 92.28 85.69

wetland 0.10 0.10 0.10 0.10  0.10 [wetland 87.00 87.00 87.00 87.00 87.00 |wetland 317.00  374.00 395.00 386.00 366.00

open water 0.10 0.10 0.10 0.10  0.10 Jopen water 100.00 100.00 100.00 100.00 100.00 |open water 317.00  374.00 395.00 386.00  366.00
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Table 18. Changes of HRU area, fall soil saturation, and sdm.x for the scenarios of ‘complete forest cover’ at the mature stage.

HRU Area (km?) Fall Soil Saturation (%) Sdmay (Mm)

Sub-basin 1 2 3 4 5 Sub-basin 1 2 3 4 5 Sub-basin 1 2 3 4 5
2007-08 Normal Case 2007-08 Normal Case 2007-08 Normal Case

fallow 6.30 1.70 2.10 3.10 0.30 |fallow 46.00 46.00 46.00 46.00 46.00 [fallow 61.00 67.00 69.00 67.00  69.00

stubble 12190 31.00 3450 21.80 6.30 |stubble 50.00 50.00 50.00  50.00 50.00 |stubble 61.00 67.00 69.00 67.00 69.00

woodland 49.00 1240 12.70 9.20 3.00 |woodland 53.00 53.00 53.00 53.00 53.00 [woodland 78.00 86.00 90.00 88.00  87.00
25% Conversion 25% Conversion 25% Conversion

fallow 4.75 1.30 1.60 2.35 0.25 |fallow 46.00 46.00 46.00 46.00 46.00 [fallow 61.00 67.00 69.00 67.00  69.00

stubble 9145 2328 2590 16.38 4.75  |stubble 50.00 50.00 50.00  50.00  50.00 |[stubble 61.00 67.00 69.00 67.00  69.00

woodland 81.00 20.53 21.80 1538 4.60 |woodland 53.00 53.00 53.00 53.00 53.00 [woodland 78.00 86.00 90.00 88.00  87.00
50% Conversion 50% Conversion 50% Conversion

fallow 3.20 0.90 1.10 1.60 0.20 |fallow 46.00 46.00 46.00 46.00 46.00 [fallow 61.00 67.00 69.00 67.00  69.00

stubble 61.00 1555 17.30 10.95 320 |stubble 50.00 50.00 50.00  50.00  50.00 |stubble 61.00 67.00 69.00 67.00  69.00

woodland 113.00 28.65 3090 21.55 6.20 |woodland 53.00 53.00 53.00 53.00 53.00 [woodland 78.00 86.00 90.00 88.00  87.00
75% Conversion 75% Conversion 75% Conversion

fallow 1.65 0.50 0.60 0.85 0.15 |fallow 46.00 46.00 46.00 46.00 46.00 [fallow 61.00 67.00 69.00 67.00  69.00

stubble 30.55 7.83 8.70 5.53 1.65 |stubble 50.00 50.00 50.00  50.00 50.00 |[stubble 61.00 67.00 69.00  67.00  69.00

woodland 145.00 36.78  40.00 27.73 7.80 |woodland 53.00 53.00 53.00 53.00 53.00 [woodland 78.00 86.00 90.00 88.00  87.00
Complete (~100%) Conversion Complete (~100%) Conversion Complete (~100%) Conversion

fallow 0.10 0.10 0.10 0.10 0.10 |fallow 46.00 46.00 46.00 46.00 46.00 [fallow 61.00 67.00 69.00 67.00  69.00

stubble 0.10 0.10 0.10 0.10 0.10 |stubble 50.00 50.00 50.00  50.00  50.00 |[stubble 61.00 67.00 69.00 67.00  69.00

woodland 177.00 4490 49.10  33.90 9.40 |woodland 53.00 53.00 53.00  53.00 53.00 |woodland 78.00 86.00 90.00 88.00  87.00
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Table 19. Changes of HRU area, fall soil saturation, and sdmax for the scenarios of ‘primarily agricultural land use’ at the mature stage.

HRU Area (km?) Fall Soil Saturation (%) Sdimay (Mm)

Sub-basin 1 2 3 4 5 |Sub-basin 1 2 3 4 5 Sub-basin 1 2 3 4 5
2007-08 Normal Case 2007-08 Normal Case 2007-08 Normal Case

fallow 6.30 1.70 2.10 3.10 0.30 [fallow 46.00 46.00 46.00 46.00 46.00 |fallow 61.00 67.00 69.00 67.00 69.00

stubble 121.90 31.00 34.50 21.80 6.30 |[stubble 50.00 50.00 50.00 50.00 50.00 |stubble 61.00 67.00 69.00 67.00 69.00

grassland 22.60 2.80 5.50 1.40 0.70 |grassland 54.00 54.00 54.00 54.00 54.00 |grassland 86.00 100.00  95.00 104.00 102.00

woodland  49.00 12.40 12.70 9.20 3.00 [woodland 53.00 53.00 53.00 53.00 53.00 |woodland 78.00 86.00  90.00  88.00 87.00
25% Conversion 25% Conversion 25% Conversion

fallow 7.41 1.93 2.38 3.26 0.35 [fallow 46.00 46.00 46.00 46.00 46.00 |fallow 61.00 67.00 69.00 67.00 69.00

stubble 138.64 34.52 38.72 24.24 7.12 |stubble 50.00 50.00 50.00 50.00 50.00 [stubble 61.00 67.00 69.00 67.00 69.00

grassland 16.98 2.13 4.15 1.08 0.55 |grassland 54.00 54.00 54.00 54.00 54.00 |grassland 86.00 100.00  95.00 104.00 102.00

woodland  36.78 9.33 9.55 6.93 2.28 |woodland 53.00 53.00 53.00 53.00 53.00 |woodland 78.00 86.00  90.00  88.00 87.00
50% Conversion 50% Conversion 50% Conversion

fallow 8.51 2.17 2.66 342 0.41 [fallow 46.00 46.00 46.00 46.00 46.00 |fallow 61.00 67.00 69.00 67.00 69.00

stubble 155.39 38.03 42.94 26.68 7.94 |stubble 50.00 50.00 50.00 50.00 50.00 [stubble 61.00 67.00 69.00 67.00 69.00

grassland 11.35 1.45 2.80 0.75 0.40 |grassland 54.00 54.00 54.00 54.00 54.00 |grassland 86.00 100.00  95.00 104.00 102.00

woodland  24.55 6.25 6.40 4.65 1.55 |woodland 53.00 53.00 53.00 53.00 53.00 |woodland 78.00 86.00  90.00  88.00 87.00
75% Conversion 75% Conversion 75% Conversion

fallow 9.62 2.40 2.94 3.58 0.46 |fallow 46.00 46.00 46.00 46.00 46.00 |fallow 61.00 67.00 69.00 67.00 69.00

stubble 172.13 41.55 47.16 29.12 8.76 |stubble 50.00 50.00 50.00 50.00 50.00 [stubble 61.00 67.00 69.00 67.00 69.00

grassland 5.73 0.78 1.45 0.43 0.25 |grassland 54.00 54.00 54.00 54.00 54.00 |grassland 86.00 100.00  95.00 104.00 102.00

woodland  12.33 3.18 3.25 2.38 0.83 |woodland 53.00 53.00 53.00 53.00 53.00 |woodland 78.00 86.00  90.00  88.00 87.00
Complete (~100%) Conversion Complete (~100%) Conversion Complete (~100%) Conversion

fallow 10.73 2.63 322 3.74 0.52 |fallow 46.00 46.00 46.00 46.00 46.00 |fallow 61.00 67.00 69.00 67.00 69.00

stubble 188.87 45.07 51.38 31.56 9.58 [stubble 50.00 50.00 50.00 50.00 50.00 [stubble 61.00 67.00 69.00 67.00 69.00

grassland 0.10 0.10 0.10 0.10 0.10 |grassland 54.00 54.00 54.00 54.00 54.00 |grassland 86.00 100.00  95.00 104.00 102.00

woodland 0.10 0.10 0.10 0.10 0.10 |woodland 53.00 53.00 53.00 53.00 53.00 |woodland 78.00 86.00 90.00  88.00 87.00
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Table 20. Changes of HRU area, fall soil saturation, and sdp.x for the scenarios of ‘high natural wetland extent/poorly drained’ at the

mature stage.

HRU Area (km?) Fall Soil Saturation (%) S max (Mm)
Sub-basin 1 2 3 4 5 Sub-basin 1 2 3 4 5 Sub-basin 1 2 3 4 5
2007-08 Normal Case 2007-08 Normal Case 2007-08 Normal Case
fallow 630 1.70 2.10 3.10 0.30 |fallow 46.00 46.00  46.00 46.00 46.00 |fallow 61.00 67.00 69.00 67.00  69.00
stubble 121.90 31.00 3450 21.80 6.30 |stubble 50.00 50.00  50.00 50.00 50.00 [stubble 61.00 67.00 69.00 67.00 69.00
wetland 2320 2.60 2.70 1.80 0.50  |wetland 87.00 87.00 87.00 87.00 87.00 |wetland 317.00  374.00 395.00 386.00 366.00
open water 10.50  1.00 0.50 0.40 0.10 |open water 100.00 100.00 100.00 100.00 100.00 |open water 317.00  374.00 395.00 386.00 366.00
river channel 080  0.20 0.50 0.20 0.10  [river channel 100.00 100.00 100.00 100.00 100.00 [river channel 200.00  200.00  200.00 200.00 200.00
25% Conversion 25% Conversion 25% Conversion
fallow 590 1.61 1.90 3.02 0.28 |fallow 46.00 46.00  46.00 46.00  46.00 |fallow 61.00 67.00 69.00  67.00  69.00
stubble 11592 29.60 3147  20.56 5.94  |stubble 50.00 50.00  50.00 50.00 50.00 [stubble 61.00 67.00 69.00 67.00  69.00
wetland 27.79  3.67 5.03 2.75 0.78 |wetland 87.00 87.00 87.00 87.00 87.00 |wetland 317.00  374.00 395.00 386.00 366.00
open water 1247 1.46 1.50 0.81 0.22  |open water 100.00 100.00 100.00 100.00 100.00 |open water 317.00  374.00 395.00 386.00 366.00
river channel 063 0.17 0.41 0.17 0.09  [river channel 100.00 100.00 100.00 100.00 100.00 [river channel 200.00  200.00  200.00 200.00 200.00
50% Conversion 50% Conversion 50% Conversion
fallow 5.51 1.51 1.70 2.94 0.25 |fallow 46.00 46.00  46.00 46.00 46.00 |fallow 61.00 67.00 69.00 67.00 69.00
stubble 109.93 2820 2844  19.33 5.58 |stubble 50.00 50.00  50.00 50.00 50.00 [stubble 61.00 67.00 69.00 67.00  69.00
wetland 3237 474 7.36 3.69 1.06 |wetland 87.00 87.00 87.00 87.00 87.00 |wetland 317.00  374.00 395.00 386.00 366.00
open water 1443 192 2.50 1.21 0.34  |open water 100.00 100.00 100.00 100.00 100.00 [open water 317.00  374.00 395.00 386.00 366.00
river channel 0.46 0.14 0.31 0.14 0.07  [river channel 100.00 100.00 100.00 100.00 100.00 [river channel 200.00 200.00 200.00 200.00 200.00
75% Conversion 75% Conversion 75% Conversion
fallow 5.11 1.42 1.50 2.85 0.23  |fallow 46.00 46.00  46.00 46.00  46.00 |fallow 61.00 67.00 69.00 67.00  69.00
stubble 103.95 2680 25.41 18.09 522  |stubble 50.00 50.00  50.00 50.00 50.00 [stubble 61.00 67.00 69.00 67.00  69.00
wetland 36.96 5.80 9.68 4.64 1.34  |wetland 87.00 87.00 87.00 87.00 87.00 |wetland 317.00  374.00 395.00 386.00 366.00
open water 16.40 237 3.49 1.62 0.46  |open water 100.00 100.00 100.00 100.00 100.00 |open water 317.00  374.00 395.00 386.00 366.00
river channel 029  0.10 0.22 0.10 0.06  [river channel 100.00 100.00 100.00 100.00 100.00 [river channel 200.00  200.00  200.00 200.00 200.00
Complete (~100%) Conversion Complete (~100%) Conversion Complete (~100%) Conversion
fallow 472 133 1.30 2.77 0.20 |fallow 46.00 46.00  46.00 46.00 46.00 |fallow 61.00 67.00 69.00 67.00  69.00
stubble 9796 2540 2238 16.86 4.86 [stubble 50.00 50.00  50.00 50.00 50.00 [stubble 61.00 67.00 69.00 67.00 69.00
wetland 41.00  6.60 12.00 5.30 1.80 |wetland 87.00 87.00 87.00 87.00 87.00 |wetland 317.00  374.00 395.00 386.00 366.00
open water 18.90  3.10 4.50 2.30 0.40 |open water 100.00 100.00 100.00 100.00 100.00 |open water 317.00  374.00 395.00 386.00 366.00
river channel 0.12  0.07 0.12 0.07 0.04  |river channel 100.00 100.00  100.00 100.00 100.00 [river channel 200.00  200.00  200.00 200.00 200.00
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Table 21. Changes of HRU area, fall soil saturation, and sdp.x for the scenarios of ‘minimal wetland extent/well drained’ at the mature

stage.
HRU Area (km?) Fall Soil Saturation (%) S max (Mm)
Sub-basin 1 2 3 4 5 Sub-basin 1 2 3 4 5 Sub-basin 1 2 3 4 5
2007-08 Normal Case 2007-08 Normal Case 2007-08 Normal Case
fallow 6.30 1.70 2.10 3.10 0.30 |fallow 46.00 46.00 46.00 46.00 46.00 [fallow 61.00 67.00 69.00 67.00 69.00
stubble 121.90 31.00 3450 21.80 6.30 |stubble 50.00 50.00 50.00 50.00 50.00 [stubble 61.00 67.00 69.00  67.00 69.00
wetland 23.20 2.60 270  1.80 0.50 |wetland 87.00 87.00 87.00 87.00 87.00 (|wetland 317.00 374.00  395.00 386.00 366.00
open water 10.50 1.00 0.50 0.40 0.10  |open water 100.00 100.00 100.00 100.00 100.00 |open water 317.00 374.00 395.00 386.00 366.00
25% Conversion 25% Conversion 25% Conversion
fallow 6.82 1.75 2,15 3.3 031 |fallow 46.00 46.00 46.00 46.00 46.00 [fallow 61.00 67.00 69.00  67.00 69.00
stubble 129.76  31.80 3520 2227 6.39  |stubble 50.00 50.00 50.00 50.00 50.00 [stubble 61.00 67.00 69.00  67.00 69.00
wetland 17.43 1.98 2.05 1.38 0.40 |wetland 87.00 87.00 87.00 87.00 87.00 |wetland 317.00 374.00  395.00 386.00 366.00
open water 7.90 0.78 0.40 033 0.10  |open water 100.00 100.00 100.00 100.00 100.00 |open water 317.00 374.00 395.00 386.00 366.00
50% Conversion 50% Conversion 50% Conversion
fallow 7.34 1.81 2.19 3.16 031 |fallow 46.00 46.00 46.00 46.00 46.00 [fallow 61.00 67.00 69.00  67.00 69.00
stubble 137.61 3259 3591 22.74 6.49  |stubble 50.00 50.00 50.00 50.00 50.00 [stubble 61.00 67.00 69.00  67.00 69.00
wetland 11.65 1.35 1.40 095 0.30 [wetland 87.00 87.00 87.00 87.00 87.00 |wetland 317.00 374.00  395.00 386.00 366.00
open water 5.30 0.55 030 0.25 0.10  |open water 100.00 100.00 100.00 100.00 100.00 |open water 317.00 374.00  395.00 386.00 366.00
75% Conversion 75% Conversion 75% Conversion
fallow 7.86 1.86 224 319 0.32 |fallow 46.00 46.00 46.00 46.00 46.00 [fallow 61.00 67.00 69.00  67.00 69.00
stubble 14547 3339  36.61 2321 6.58 |stubble 50.00 50.00 50.00 50.00 50.00 [stubble 61.00 67.00 69.00  67.00 69.00
wetland 5.88 0.73 0.75 0.53 0.20 [wetland 87.00 87.00 87.00 87.00 87.00 (|wetland 317.00 374.00  395.00 386.00 366.00
open water 2.70 0.33 020 0.18 0.10  |open water 100.00 100.00 100.00 100.00 100.00 |open water 317.00 374.00  395.00 386.00 366.00
Complete (~100%) Conversion Complete (~100%) Conversion Complete (~100%) Conversion
fallow 8.38 1.91 229 322 0.32 |fallow 46.00 46.00 46.00 46.00 46.00 [fallow 61.00 67.00 69.00  67.00 69.00
stubble 153.32  34.19 3731 23.68 6.68 |stubble 50.00 50.00 50.00 50.00 50.00 [stubble 61.00 67.00 69.00  67.00 69.00
wetland 0.10 0.10 0.10 0.10 0.10 |wetland 87.00 87.00 87.00 87.00 87.00 (|wetland 317.00 374.00  395.00 386.00 366.00
open water 0.10 0.10 0.10 0.10 0.10  |open water 100.00 100.00 100.00 100.00 100.00 |open water 317.00 374.00  395.00 386.00  366.00
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Table 22. Changes of routing distribution parameter between HRUs within the sub-basins
for the initial and mature stage scenarios of ‘high natural wetland extent/poorly

drained’.
HRU fallow stubble  grassland river channel open water woodland  wetland
2007-08 Normal Case
fallow 0 0 0 0.28 0.13 0.38 0.21
stubble 0 0 0 0.28 0.13 0.38 0.21
grassland 0 0 0 0.28 0.13 0.38 0.21
open water 0 0 0 | 0 0 0
woodland 0 0 0 0.45 0.21 0 0.34
wetland 0 0 0 0 1 0 0
river channel 0 0 0 0 0 0 0
25% Conversion
fallow 0 0 0 0.22 0.15 0.38 0.25
stubble 0 0 0 0.22 0.15 0.38 0.25
grassland 0 0 0 0.22 0.15 0.38 0.25
open water 0 0 0 1 0 0 0
woodland 0 0 0 0.36 0.24 0 0.39
wetland 0 0 0 0 1 0 0
river channel 0 0 0 0 0 0 0
50% Conversion
fallow 0 0 0 0.16 0.18 0.37 0.29
stubble 0 0 0 0.16 0.18 0.37 0.29
grassland 0 0 0 0.16 0.18 0.37 0.29
open water 0 0 0 1 0 0 0
woodland 0 0 0 0.26 0.28 0 0.46
wetland 0 0 0 0 1 0 0
river channel 0 0 0 0 0 0 0
75% Conversion
fallow 0 0 0 0.14 0.16 0.45 0.25
stubble 0 0 0 0.14 0.16 0.45 0.25
grassland 0 0 0 0.14 0.16 0.45 0.25
open water 0 0 0 1 0 0 0
woodland 0 0 0 0.25 0.28 0 0.46
wetland 0 0 0 0 1 0 0
river channel 0 0 0 0 0 0 0
Complete (~100%) Conversion
fallow 0 0 0 0.07 0.24 0.31 0.38
stubble 0 0 0 0.07 0.24 0.31 0.38
grassland 0 0 0 0.07 0.24 0.31 0.38
open water 0 0 0 1 0 0 0
woodland 0 0 0 0.10 0.35 0 0.55
wetland 0 0 0 0 1 0 0
river channel 0 0 0 0 0 0 0
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Table 23. Changes of routing distribution parameter between HRUs within the sub-basins
for the initial and mature stage scenarios of ‘minimal wetland extent/well drained’.

HRU fallow stubble  grassland river channel open water woodland  wetland
2007-08 Normal Case
fallow 0 0 0 0.28 0.13 0.38 0.21
stubble 0 0 0 0.28 0.13 0.38 0.21
grassland 0 0 0 0.28 0.13 0.38 0.21
open water 0 0 0 1 0 0 0
woodland 0 0 0 0.45 0.21 0 0.34
wetland 0 0 0 0 1 0 0
river channel 0 0 0 0 0 0 0
25% Conversion
fallow 0 0 0 0.30 0.12 0.39 0.19
stubble 0 0 0 0.30 0.12 0.39 0.19
grassland 0 0 0 0.30 0.12 0.39 0.19
open water 0 0 0 1 0 0 0
woodland 0 0 0 0.49 0.20 0 0.32
wetland 0 0 0 0 1 0 0
river channel 0 0 0 0 0 0 0
50% Conversion
fallow 0 0 0 0.32 0.10 0.41 0.17
stubble 0 0 0 0.32 0.10 0.41 0.17
grassland 0 0 0 0.32 0.10 0.41 0.17
open water 0 0 0 1 0 0 0
woodland 0 0 0 0.54 0.18 0 0.28
wetland 0 0 0 0 1 0 0
river channel 0 0 0 0 0 0 0
75% Conversion
fallow 0 0 0 0.34 0.08 0.45 0.13
stubble 0 0 0 0.34 0.08 0.45 0.13
grassland 0 0 0 0.34 0.08 0.45 0.13
open water 0 0 0 1 0 0 0
woodland 0 0 0 0.62 0.15 0 0.23
wetland 0 0 0 0 1 0 0
river channel 0 0 0 0 0 0 0
Complete (~100%) Conversion
fallow 0 0 0 0.40 0.03 0.53 0.03
stubble 0 0 0 0.40 0.03 0.53 0.03
grassland 0 0 0 0.40 0.03 0.53 0.03
open water 0 0 0 1 0 0 0
woodland 0 0 0 0.86 0.07 0 0.07
wetland 0 0 0 0 1 0 0
river channel 0 0 0 0 0 0 0
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Table 24. Changes of HRU area (km?) for historical scenarios of ‘forest conversion’,

‘agricultural conversion’, ‘wetland restoration’, and ‘wetland drainage’.

Sub-basin 1 2 3 4 5 1 2 3 4 5
"Normal Condition" Forest Conversion
fallow 6.30 1.70 2.10 3.10 0.30| 0.10 0.10 0.10 0.10 0.10
stubble 121.90 31.00 34.50 21.80 6.30| 0.10 0.10 0.10 0.10 0.10
woodland 49.00 1240 12.70 9.20 3.00 | 177.00 44.90 49.10 33.90 9.40
"Normal Condition" A gricultural Conversion
fallow 6.30 1.70 2.10 3.10 0.30| 10.73 2.63 322 374 0.52
stubble 121.90 31.00 34.50 21.80 6.30 | 188.87 45.07 51.38 31.56 9.58
grassland 22.60 2.80 5.50 140 0.70| 0.10 0.10 0.10 0.10 0.10
woodland 49.00 1240 12.70 920 3.00 | 0.10 0.10 0.10 0.10 0.10
"Normal Condition" 'Wetland Restoration
fallow 6.30 1.70 2.10 3.10 0.30| 4.72 1.33 1.30 2.77 0.21
stubble 121.90 31.00 34.50 21.80 6.30 | 97.97 25.38 22.34 16.77 4.90
wetland 23.20 2.60 270 1.80 0.50 | 41.01 6.57 12.01 535 1.79
open water 10.50 1.00 0.50 0.40 0.10 | 18.89 3.15 453 235 035
river channel ~ 0.80 0.20 0.50 0.20 0.10| 0.12 0.07 0.12 0.07 0.04
"Normal Condition" Wetland Drainage
fallow 6.30 1.70 2.10 3.10 0.30| 8.38 1.91 229 322 032
stubble 121.90 31.00 34.50 21.80 6.30 | 153.32 34.19 37.31 23.68 6.68
wetland 23.20 2.60 270 1.80 0.50| 0.10 0.10 0.10 0.10 0.10
open water 10.50 1.00 0.50 0.40 0.10| 0.10 0.10 0.10 0.10 0.10
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Table 25. Changes of routing distribution parameter between HRUs within the sub-basins
for historical scenarios of ‘forest conversion’, ‘agricultural conversion’, ‘wetland
restoration’, and ‘wetland drainage’.

HRU fallow stubble  grassland river channel open water woodland  wetland

"Normal Condition"

fallow 0 0 0 0.28 0.13 0.38 0.21
stubble 0 0 0 0.28 0.13 0.38 0.21
grassland 0 0 0 0.28 0.13 0.38 0.21
open water 0 0 0 | 0 0 0
woodland 0 0 0 0.45 0.21 0 0.34
wetland 0 0 0 0 1 0 0
river channel 0 0 0 0 0 0 0
Forest Conversion
fallow 0 0 0 0.28 0.13 0.38 0.21
stubble 0 0 0 0.28 0.13 0.38 0.21
grassland 0 0 0 0.28 0.13 0.38 0.21
open water 0 0 0 1 0 0 0
woodland 0 0 0 0.45 0.21 0 0.34
wetland 0 0 0 0 1 0 0
river channel 0 0 0 0 0 0 0
Agricultural Conversion
fallow 0 0 0 0.28 0.13 0.38 0.21
stubble 0 0 0 0.28 0.13 0.38 0.21
grassland 0 0 0 0.28 0.13 0.38 0.21
open water 0 0 0 1 0 0 0
woodland 0 0 0 0.45 0.21 0 0.34
wetland 0 0 0 0 1 0 0
river channel 0 0 0 0 0 0 0
Wetland Restoration
fallow 0 0 0 0.07 0.24 0.31 0.38
stubble 0 0 0 0.07 0.24 0.31 0.38
grassland 0 0 0 0.07 0.24 0.31 0.38
open water 0 0 0 1 0 0 0
woodland 0 0 0 0.10 0.35 0 0.55
wetland 0 0 0 0 1 0 0
river channel 0 0 0 0 0 0 0
Wetland Drainage
fallow 0 0 0 0.40 0.03 0.53 0.03
stubble 0 0 0 0.40 0.03 0.53 0.03
grassland 0 0 0 0.40 0.03 0.53 0.03
open water 0 0 0 1 0 0 0
woodland 0 0 0 0.86 0.07 0 0.07
wetland 0 0 0 0 1 0 0
river channel 0 0 0 0 0 0 0
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7.2 Results of Scenario Simulations

7.2.1 2007-2008 Scenarios Simulations Results

The results of 2007-2008 scenario simulations are shown in Figures 41 to 46. In each
figure, there are five values corresponding to five levels of conversion at a stage; the
2007-08 normal case’ is indicated by the value at no conversion, and value at 100% of
conversion implies the complete conversion, with other three values present at 25%, 50%,
and 75%. The sensitivity of springtime discharge, total winter snow accumulation,
blowing snow transport and sublimation, total infiltration, and springtime surface
depression storage is assessed for the entire basin.

There is a trend for springtime basin discharge to increase with increasing forest cover at
both initial and mature stages, shown in Figure 41(a). Increases in spring discharge of
57% (initial stage) and 41% (mature stage) were estimated for complete conversion to
forest cover. This is a very different result than is generated in many other parts of the
world where increasing forest cover is associated with reduced runoff. The reason for
this is that there is less loss to blowing snow sublimation (Figure 44(a)) and subsequently
more snow accumulation in the forest (Figure 42(a)) even though both infiltration and
springtime surface depression storage are increased as cropland is converted to woodland
shown in Figure 45(a) and Figure 46(a). Smith Creek forests are deciduous and so have
no winter interception losses in contrast to large interception losses associated with
evergreen forests. The impact of increased snow accumulation in woodland on runoff
outweighs the countering impact of increased infiltration and surface depression storage.
For each level of conversion to woodland (25% to 100%), basin discharge at the initial
stage is always greater than that at mature stage. The difference in discharge between two
stages is mainly caused by differences in surface depression storage.

The scenarios for conversion to ‘primarily agricultural land use’ show the reverse results
compared to the scenarios of conversion to ‘complete forest cover’; that is, there is less
discharge as a result of the conversion. For complete conversion to agricultural land use,
there are decreases in spring discharge of 9% (initial stage) and 2% (mature stage).
Interestingly, spring discharge shows a low sensitivity to various levels of conversion for
‘primarily agricultural land use’ (Figure 41(b)). Both infiltration (Figure 45(b)) and
springtime surface depression storage (Figure 46(b)) decrease under conversion to
cropland, but there is a greater decrease in winter snow accumulation (Figure 42(b)) due
to enhanced blowing snow sublimation (Figure 44(b)) favoured by shorter plants.
Compared to the initial stage of conversion, the basin discharge is higher at various levels
of conversion at the mature stage shown in Figure 41(b). This is due to cropland
possessing antecedent sdmax from grassland and woodland at the initial stage of
conversion, which is higher than cropland’s own sdn.x, Whereas at the mature stage of
conversion, cropland finally establishes its own sdmax.

For scenarios of conversion to ‘high natural wetland extent/poorly drained’, the winter
snow accumulation showed a small increase (Figure 42(c)) due to suppression of blowing
snow sublimation by taller vegetation (Figure 44(c)). In addition, infiltration is reduced
(Figure 45(c)), which favours more runoff, but there is more surface depressional storage
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Figure 41. Scenarios of Smith Creek 2008 springtime basin discharge: (a) ‘complete

forest cover’, (b) ‘primarily agricultural land use’, (¢) ‘high natural wetland
extent/poorly drained’, and (d) ‘minimal wetland extent/well drained’.
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Figure 42. Scenarios of total winter 2007-2008 snow accumulation at Smith Creek basin:

(a) ‘complete forest cover’, (b) ‘primarily agricultural land use’, (c) ‘high natural
wetland extent/poorly drained’, and (d) ‘minimal wetland extent/well drained’.

93



. . . b; . . .
(@) Total Blowing Snow Transport at Smith Creek Basin (0) Total Blowing Snow Transport at Smith Creek Basin
;- 3
2
5 5
EY 2%
e £E
S E S E
o et
£8 £8
g2 g2 B— -~
@ g + complete forest cover (initial stage) o g » primarily agricultural land use (initial stage)
Er Br
2 = complete forest cover (mature stage) = = primarily agricultural land use (mature stage)
0 25 50 75 100 o 25 50 % 100
Percentage of Conversion (%) Percentage of Conversion (%)
© . . . d
©) Total Blowing Snow Transport at Smith Creek Basin (d) Total Blowing Snow Transport at Smith Creek Basin
ig g
2
a2 & g
29 g2
g
s E S E
H
S E S E
@ o T
£ 0o S
85 ai
@5 «high natural wetland extent (initial stage) &g mal wetland extent (initial stage)
s -1
K = high natural wetland extent (mature stage) K inimal wetland extent (mature stage)
0 25 50 75 100 o 25 50 75 100
Percentage of Conversion (%) Percentage of Conversion (%)

Figure 43. Scenarios of 2007-2008 seasonal blowing snow transport at Smith Creek basin:
(a) ‘complete forest cover’, (b) ‘primarily agricultural land use’, (c) ‘high natural
wetland extent/poorly drained’, and (d) ‘minimal wetland extent/well drained’.
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Figure 44. Scenarios of 2007-2008 seasonal blowing snow sublimation at Smith Creek: (a)
‘complete forest cover’, (b) ‘primarily agricultural land use’, (c) ‘high natural
wetland extent/poorly drained’, and (d) ‘minimal wetland extent/well drained’.
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Figure 45. Scenarios of 2008 spring (total) infiltration at Smith Creek basin: (a)
‘complete forest cover’, (b) ‘primarily agricultural land use’, (c) ‘high natural

wetland extent/poorly drained’, and (d) ‘minimal wetland extent/well drained’.
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Figure 46. Scenarios of 2008 springtime surface depression storage at Smith Creek basin
(a) ‘complete forest cover’, (b) ‘primarily agricultural land use’, (c) ‘high natural
wetland extent/poorly drained’, and (d) ‘minimal wetland extent/well drained’.
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to hold the runoff, especially for the conversion at the mature stage shown in Figure 46(c).
These factors counterbalance each other somewhat resulting in spring basin discharge
dropping by 79% at the mature stage (Figure 41(c)).

On the other hand, spring basin discharge shows a high sensitivity for scenarios of
conversion to ‘minimal wetland extent/well drained’ (Figure 41(d)). Although when
converting wetland/open water to cropland the basin accumulates less snow (Figure
42(d)), because of greater sublimation losses (Figure 44(d)), the loss of surface
depression storage capacity overwhelms the effect of decreasing snow accumulation on
runoff generation. Consequently, far more discharge is generated for the basin — an
increase of 117% in spring discharge at the mature stage is estimated for complete
wetland drainage in the basin.

Woodland and grassland cover about 119 km” at Smith Creek basin (~393 km?) and
wetland and open water cover about 43 km®. The fall soil moisture contents for woodland
and grassland were very similar to cropland, whereas wetland and open water have much
higher values. In addition, sdm.x for wetland/open water is much higher than that for
cropland, woodland or grassland. Hence, changing wetland/open water conditions causes
a much larger impact on cumulative spring basin discharge than does altering
woodland/grassland conditions, even though these latter HRUs cover relatively small
areas of the basin.

7.2.2 Historical Scenarios Simulations Results

i. Cumulative Spring Discharge

The scenario simulation results of cumulative spring discharge in Smith Creek during the
29-year period: 1965-82 and 1993-2005 are shown in Figure 47. Keep in mind that the
cumulative spring discharge under “normal condition” is only a simulated hypothetical
basin discharge using the current land use fixed from year to year with the historical
meteorology, and initial (fall) conditions recorded during the 29-year period. Since land
use and drainage have changed over 29 years the “normal condition” did not actually
occur consistently over this period of time, it is only used as a reference point for
evaluating the hydrological changes due to land use and drainage. Figure 47 shows the
cumulative spring discharge for Smith Creek under various scenarios, ranging from land
use scenarios (i.e. forest conversion versus agricultural conversion) to drainage scenarios
(i.e. wetland restoration versus wetland drainage). The figure also demonstrates the
variable changes of discharge not only in high flow years, but also in low flow and
medium flow years.

Results for the sensitivity of total basin spring discharge to changes in land use and
drainage are shown in Figure 48, which plots the changes in discharge in comparison to
discharge. For the forest conversion scenario shown in Figure 48(a), there is a variable
effect on the cumulative spring discharge, which can either increase or decrease
dramatically for low to moderate flows (total spring discharge between 0 and 10,000
dam®). However there is a slight trend for cumulative spring discharge to decrease upon
forest conversion for moderate to high flows. For agricultural conversion, similar to the
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forest conversion scenario, there is a variable effect on the cumulative spring discharge
for the low flows, but the total spring discharge increases for moderate and high flows
(Figure 48(b)). Cumulative spring discharge shows very dramatic changes for the
drainage scenario in comparison to smaller changes associated with agricultural or forest
land use conversion. That is, the total spring discharge decreases with wetland restoration
(Figure 48(c)) and increases with wetland drainage (Figure 48(d)). The greatest impact
for both scenarios occurs for moderate spring discharges (around 10,000 dam®) for which
the spring discharge drops by 6,000 to 8,000 dam® when restoring wetland storage and
reducing channel drainage and rises by 3,000 to 8,000 dam’ when increasing channel
drainage and removing wetland storage. Changes moderate for higher flow seasons,
likely due to limitations of available storage changes in response to drainage changes.

Overall, the long-term impact of land use and drainage change during the 29-year period
(1965-82 and 1993-2005) on the Smith Creek cumulative spring discharge is shown in
Figure 49. The basin spring streamflow is most sensitive to changes in wetland storage
and channel drainage condition; there would be an average decrease for restoring wetland
and an average increase for draining wetland by more than 2,000 dam® during this long-
term period. This leads to a 45% drop in the total basin spring discharge for wetland
restoration and a 36% rise for wetland drainage. For the same period, there would be a
very small effect (an average 1% increase) on the basin spring discharge from converting
cropland to forest and a moderate increase (19% increase) for conversion of woodland to
agricultural land use (Figure 49).

ii. Peak Daily Discharge

Peak daily spring discharge in Smith Creek during 29 year periods: 1965-82 and 1993-
2005 was simulated for various land use and drainage scenarios is shown in Figure 50.
During this 29 year periods, the peak daily discharge in spring tends to increase for forest
conversion, agricultural conversion, and wetland drainage scenarios and decreases for the
wetland restoration scenario. The reason for the increases in the peak discharge when
converting cropland to forest is that the hydrograph under this conversion tends to
become sharper and less attenuated. In other words, the spring hydrograph develops a
shorter duration and higher peak. Both the agricultural conversion and wetland drainage,
tend to increase the total spring discharge volume, which leads to higher peak discharge.
Conversely, wetland restoration results in reduced peak spring discharge due to increased
wetland capacity for storing runoff and subsequent decreasing the seasonal discharge
volume.
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Scenarios of Smith Creek Cumulative Spring Discharge
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Figure 47. Simulations of scenarios of Smith Creek cumulative spring discharge during 1965-82 and 1993-2005 periods.
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Figure 48. Sensitivity of the Smith Creek cumulative spring discharge during 1965-82 and 1993-2005 periods: (a) forest conversion
scenario, (b) agricultural conversion scenario, (¢) wetland restoration scenario, and (d) wetland drainage scenario.
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Long-term Impact of Land Use and Drainage Change
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Figure 49. Effect of long-term land use and drainage change on Smith Creek cumulative
spring discharge.

Results for the sensitivity of peak daily spring discharge to changes in land use and
drainage are shown in Figure 51. The figure shows the effects on land use and drainage
change on the peak daily discharge for a variety of seasonal discharge volumes. There is
a variable effect on the peak daily discharge for low flows, (spring discharge volume
between 0 and 10,000 dam®) when converting all cropland to forest cover. There are
some drops but predominately increases in peak daily discharge for the low flow
conditions (Figure 51(a)). The peak daily discharge increases sharply on conversion to
forest to cropland for moderate and high flows (spring discharge volume > 10,000 dam”),
with the highest impact occurring for the highest measured spring discharge volume. This
is likely due to the forest cover synchronizing melt runoff compared to the mixed open
landscapes. When converting to cropland, a variable effect on the peak daily discharge is
found for the low flow seasons (Figure 51(b)). There were some decreases in the peak
discharge but majority showed an increase. Figure 51(b) also showed a variable effect of
agricultural conversion on the peak discharge for moderate flows with some increases
and some decreases; the greatest impact occurring for the spring discharge around 15,000
dam’, with smaller impacts for high flows. In the drainage scenario shown in Figure 51(c)
and (d), restoring wetland and draining wetland tended to effectively reduce and raise the
peak daily discharge for the low flow, respectively. Effects of restoring wetland and
reducing channel drainage on decreasing the peak discharge are overwhelmed for the
moderate and high flows (Figure 51(c)). Interestingly, removing wetland and increasing
channel drainage reduced the peak daily discharge for the moderate flow (Figure 51(d)),
which is counterintuitive. This is attributed to the fact that the length of channel increases
and consequently takes longer time for streamflow to travel to the basin outlet, and the
hydrograph becomes more attenuated. Drainage has similar effects on the peak discharge,
a 1.6 m® s increase. The wetland restoration on average contributes to a decrease in the
peak discharge by about 2.6 m’ s™".
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Scenarios of Smith Creek Peak Daily Spring Discharge
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Figure 50. Simulations of scenarios of Smith Creek peak daily spring discharge during 1965-82 and 1993-2005 periods.
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4 Long-term Impact of Land Use and Drainage Change
(1965-82 & 1993-2005)
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Figure 52. Effect of long-term land use and drainage change on Smith Creek peak daily
spring discharge.

Overall, the long-term impact of land use and drainage change during the 29-year period
(1965-82 and 1993-2005) on the Smith Creek peak daily spring discharge is shown in
Figure 52. The forest conversion, agricultural conversion, and wetland drainage scenarios
all lead to higher peak daily discharge, whereas wetland restoration contributes to
reducing the peak discharge. During this long-term period, forest conversion has the
highest increase in the peak discharge, by about 3.5 m’ s, and both agricultural
conversion and wetland land use scenarios are equally important in affecting the basin
peak daily spring discharge compared to drainage scenarios shown in Figure 52. It
should be noted that the complex response of peak discharge to drainage and restoration
shown in Fig. 51 requires that substantial caution be exercised in interpreting Fig. 52.
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8. Conclusions and Recommendations

8.1 Conclusions

The Canadian Prairie pothole region is characterized by numerous post-glacial surface
depressions. These surface depressions form wetlands which are an important factor in
controlling streamflow generation and the water balance. The ability of wetlands to trap
blowing snow in winter and store runoff water is crucial to hydrological cycling on the
Prairies, and has posed a substantial challenge to hydrological modelling. A Prairie
Hydrological Model (PHM) was developed by adding a new module in the Cold Regions
Hydrological Model platform (CRHM) to deal with wetland water storage. Both the
calibrated (based on the photogrammetric based DEM) and uncalibrated (based on the
LiDAR derived DEM) modelling approaches were involved in model parameterization
and were used to predict water balance in the Smith Creek Research Basin, Saskatchewan.

Both calibrated and uncalibrated predictions of winter snow accumulation were very
similar and compared quite well with many of the distributed field observations. The
simulations were able to effectively capture the prairie blowing snow sequence (Fang and
Pomeroy, 2009) and relocate snow from ‘source’ areas (e.g. fallow and stubble fields) to
‘sink’ or ‘drift’ areas (e.g. tall vegetated wetland area and deeply incised channels). This
is a vital process in governing the water balance of prairie basins as the majority of water
in wetlands and prairie river channels has been shown previously to be the result of
redistribution of snow by wind (Fang and Pomeroy, 2008; 2009) and subsequent
snowmelt runoff. However, poorer streamflow predictions were noticed for the 2009 melt
period. The 12.6 mm rainfall on 22 March 2009 was followed by days with high
incoming solar radiation but no substantial snowmelt. The PHM albedo module reduced
the albedo in response to the rainfall event resulting in rapid snowmelt and runoff
generation over the post rainfall sunny period - well ahead of actual melt and runoff
generation. A delay start for melt was imposed in the PHM energy-budget snowmelt
module to match the onset of snowmelt. Rainfall events such as the one on 22 March
2009 are rare in the prairie environment during early spring (Male and Gray, 1981) and
have been seldom studied. Fang and Pomeroy (2007) suggested that they will become
more common under climate warming scenarios predicted for Saskatchewan in the mid-
21% century. Therefore, further investigations of snow albedo dynamics in the early
spring rainfall events are needed.

Soil moisture status is also an important factor in determining the spring surface runoff
(Gray et al., 1985; Zhao and Gray, 1997) and is crucial for agricultural production. Soil
moisture content at a point during early spring was adequately simulated from both
modelling approaches but could not be verified for the whole basin. No difference
between the two modelling approaches was found because both approaches used the
same method for predicting soil moisture status.
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Both modelling approaches were capable of matching the streamflow hydrographs with
good accuracy in the 2008 simulation period; the calibrated approach performed slightly
better than the uncalibrated approach because the depressional storage was calibrated to
optimise the streamflow hydrograph, whereas no calibration was involved in the
uncalibrated simulation. The estimated parameters were kept the same for both calibrated
and uncalibrated simulations in the 2009 simulation period, where the hydrographs
produced had a generally similar shape to observed one, but were of lower magnitude.
Seasonal discharge volumes were underestimated. The hydrograph simulations in 2009
were largely affected by uncertainty of the rain on snow modelling mentioned above and
model’s single wetland HRU representation for the entire basin. An additional test on the
model performance in predicting Smith Creek spring streamflow using Yorkton
meteorology indicates that having meteorology information from within the basin is quite
important to accuracy of basin water balance predictions.

The uncalibrated modelling approach utilized LIDAR DEM, SPOT 5 satellite images,
stream networks and wetland inventory GIS data and involved automated basin
parameters delineation techniques and simplified wetland depth-area-volume calculation.
This process can be regarded as a model parameterization procedure. Through this
process, basin physiographic parameters such as basin area and elevation and important
hydrological process parameters such as blowing snow fetch distance, wetland surface
depression storage, and surface runoff and channel flow routing parameters were derived
successfully. Although the calibrated modelling approach can produce better hydrograph
matching, its applicability to other basins is restricted by the nature of calibration and
difficulties in regionalizing depressional storage values that substantially deviate from
true values and are a characteristic of local topography. On the other hand, the
uncalibrated parameterization process did not rely on parameter calibration, suggesting
that this whole pre-modelling parameterization method can be applied to other prairie
basins as long as detailed meteorology, basin land use, and physiography data are
available. It is expected that these will be available in the near future for much of the
Prairies.

The simplified LiDAR V-4-h method was developed to derive wetland characteristics.
While total wetland depth cannot be measured directly from the LIDAR DEM, multiple
area measurements and the change in depth between them can be extracted through a
simple GIS analysis of the DEM. If a constant p value is assumed, the total depth of the
wetland, and thus the s coefficient can be estimated and used in the simplified V-A4-h
method to estimate volume. Estimations of Viy.x made with these data outperformed
estimates generated with the V-4 equations (Wiens, 2001; Gleason et al., 2007). This was
likely due to the inclusion of information on depression morphology when calculating
volume. Further, the process to retrieve the coefficients from a LiDAR DEM was
automated and wetland storage was estimated at a broad spatial scale. A GIS model and
Visual Basic script were created that can automatically extract the elevation and area data
necessary for use in the simplified V-4-h method. Although the model still requires user
input such as the minimum area to retain and the p coefficient, the process to retrieve the
data is quite fast and allows for a large area to be analyzed in a short period of time. The
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SDNWA case study illustrated that the LIDAR V-4-h method can be applied to a small
prairie watershed to accurately predict wetland water storage.

Using the Prairie Hydrological Model, PHM, a series of scenarios on changing land use
and wetland and drainage conditions was created from 2007-08 meteorological data. The
scenario simulations were used to calculate cumulative spring basin discharge, total
winter snow accumulation, blowing snow transport and sublimation, cumulative
infiltration, and spring surface depression storage status. The results showed these
processes were sensitive to the land use change and to altering wetland and drainage
conditions. From these simulations, spring streamflow decreased by 2% with complete
conversion to agriculture and 79% with complete restoration of wetlands; conversely it
increased 41% with complete conversion to forest cover and by 117% with complete
wetland drainage. Wetland changes had a stronger effect on discharge volumes than land
use changes. The greatest sensitivity was to further drainage of wetlands which
substantially increased streamflow. An additional sensitivity analysis of the effect of
various scenarios on basin streamflow using historical (i.e. 29-year periods: 1965-82 and
1993-2005) meteorology, fall conditions was carried out with current land use and
drainage as the reference condition. Results showed that the effects of land use change
and wetland drainage alteration on cumulative basin spring discharge volume and peak
daily spring discharge were highly variable from year to year and depended on the spring
discharge volume. Both land use scenarios: forest conversion and agricultural conversion
increased peak discharge. In contrast wetland restoration and wetland drainage scenarios
reduced and raised peak discharge, respectively. However there was considerable
variation in these relationships with opposing behaviour found for moderate discharge
volume seasons. Forest conversion and agricultural conversion increased the long-term
average spring discharge volume by small amounts: 1% and 19%, respectively. Larger
impacts were found from drainage alteration scenarios. That is, restoring wetlands
reduced spring discharge volumes by 45%, and draining wetlands caused a 36% increase.
The differences between these long term averages and the 2007-2008 reference year
shows the importance of long term investigation of basin response to land use and
drainage changes.
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8.2 Recommendations

Recommendation 1:

To model a prairie basin with substantial wetland drainage development, a greater variety
of wetland representations are needed and these need to include both hydraulic and
hydrological characteristics of wetlands. That is, a model should not only have ‘intact
wetland’ representation, but also include ‘drained wetland’ representations. Drained
wetlands do not display fill and spill behaviour but have linear reservoir characteristics
that will require specification of stage-outflow relationships. In the ‘drained wetland’,
several sub-classes should be made to differentiate the hydraulic characteristics of newly
drained wetlands from established drained wetland. It is anticipated that including more
wetland classes in the model would improve the prediction for the cumulative volume of
basin discharge and for hydrograph recession curves. Consideration of the hydraulic
behaviour of drained wetlands might also provide an additional wetland management tool.

Recommendation 2:

It is important and imperative to collect meteorology information within or very near to a
basin to have a reasonable prediction of water balance in the prairie environment. This is
problematic given the sparse meteorological measurement network in Saskatchewan.

Recommendation 3:

The benefits derived from using a LIDAR derived DEM in prairie hydrological modelling
are high. Canadian prairie basins are characterized by many depressions; using a
conventional low quality DEM (even photogrammetrically derived) would not be
accurate enough to produce prairie channel networks or estimate the basin area. Therefore,
a LiDAR derived DEM is highly recommended for hydrological modelling in prairie
basins. Applying various automated GIS tools with LIDAR DEM can generate reasonable
channel networks and quantify basin surface depressional storage. There is no other way
to confidently quantify wetland depressional storage in the Prairie environment and this
quantification is crucial to estimating stream hydrology.

Recommendation 4:

At Smith Creek, wetland restoration and drainage appear to have stronger controls on
stream discharge volume than do land use changes, but land use changes have stronger
controls on peak discharge. This conclusion has strong policy implications but has been
determined for only one basin in the Prairies. Basins in other parts of the Prairies with
differing wetland configurations, drainage, soils, vegetation and climate should be
investigated to see if this is a general conclusion or one that is specific to the region
around Smith Creek.
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