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ABSTRACT. Dry climate, clayey soil, and flat topography govern water balance in the southern part of the Canadian Praries. This paper
aims at assessing flood-drought hazard using Regina as a typical urban centre in the region. The main achievements are the inclusion of
long-term historical analyses of recent meteorological data, physiographic features (such as topography, land use, soil type) of watersheds,
various types of drought (agricultural, metrological, and hydrological), and management strategies for surface water. Results indicate
that extreme weather patterns are frequent and meteorological parameters have significantly changed from 1970 to 2015: precipitation
(+50 mm), air temperature (+0.9 °C), relative humidity (+6%), wind speed (-1.35 km/hr), and solar radiation (+0.9 MJ/m?). In the dry
climate (Dfb), 77% of the total annual precipitation (386 mm/year) occurs from April to September. The runoff coefficient of 0.6 relates
to 63% impervious areas (commercial, industrial and residential) and 35% near-impervious areas (open spaces with low hydraulic con-
ductivity). The flat topography (570 m through 600 m asl over 124 km?) along with a low channel slope of up to 0.4% results in water
ponding during short-term and high-intensity rainfalls. Water is managed through the Wascana Creek that holds 98% of the total water
volume (84 x10%m?3) in the city. From April to September, volume fluctuations depend on antecedent water levels and meteorological
conditions. The city has recently received several events of flash floods (2010 and 2014) and long-term droughts (1984 and 2017). The

negative average change in storage indicates drought-like conditions during spring-summer.
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1. Introduction

Floods and droughts adversely affect civil infrastructure,
agricultural production, and life quality. The southern part of
the Canadian Prairies (Alberta, Saskatchewan, and Manitoba)
provides an interesting combination of climate, toporgraphy,
and soils that governs surface water fluctuations. Over the last
decade or so, several cities (Regina, Calgary, Winnipeg) and
wide spread farmlands in the area have received record flash-
floods and long-term droughts thereby resulting in acute public
distress. Clearly, there is a need to understand the response of
watersheds to ensure a sustainable (cost effective, environmen-
tally friendly, and socially viable) management of surface water
for use in urban centers and rural communities.

The management of water resources in the Canadian Prai-
ries is affected by the following (Wheater and Gober, 2013): (i)
ensuring an uninterrupted drinking water supply for 3 <108 in-
habitants; (ii) trade-off between industrial (mining and petro-
leum) and agricultural water usage; (iii) allocation between up-
stream (Alberta) and downstream (Saskatchewan and Mani-
toba) water use; and (iv) water quality for urban and rural com-
munities. Generally, the region is characterized by a significant

’ Corresponding author. Tel.: +1 306-337-2369; fax: +1 306-585-4855.
E-mail address: shahid.azam@uregina.ca (S. Azam).

ISSN: 2663-6859 print/2663-6867 online
© 2019 ISEIS All rights reserved. doi:10.3808/jeil.201900002

moisture deficit, such that evaporation exceeds precipitation
(Lemmen, 1998). Thisisattributed to the restricted inland move-
ment of Pacific air masses beyond the Rockies. However, large
precipitation events associated with continental air masses
from the south are also not uncommon (Vickers et al., 2001).
Furthermore, the area is vulnerable to climatic impacts and ex-
perience large variations in seasonal weather (Lundqvist, 1999).
The tree ring records (indicative of moisture due to precipita-
tion and evapotranspiration) suggest several multi-year spells
of drought and sporadic flooding over the last 300 years (Geor-
ge et al., 2009; Bonsal et al., 2011). These studies give an indi-
cation of the driest decades (1720s and 1790s), longest droughts
(1840 ~ 1880 and 1920 ~ 1940), and major floods (1747, 1762,
1826, 1852, 1862, 1950, and 1997).

Floods and droughts are becoming more frequentand wide-
spread in the region due to climatic changes causing extensive
variability of precipitation both spatially and temporally (Bon-
sal and Wheaton, 2005). These climatic hazards are com-
pounded by the ever increasing impervious areas (especially in
urban settings), which results in low infiltration and high run-
off. Over the last three decades, summer fallow has changed
into continuous annual cropping thereby increasing evapo-
transpiration from croplands and, in turn, causing increased
drought spells and severity (Gameda et al., 2007). Such trends
are quite observable in the Palliser Triangle that has expe-
rienced severe and/or multi-year droughts in the 1920s, 1930s,
and 1980s with serious social, economic, and environmental
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consequences. Similarly, southern Saskatchewan (that occurs
within the Triangle) experienced multi-year droughts in the
1890s, 1930s, late 1950s, and early 1960s, 1980s, and most re-
cently from 1999 ~ 2005 (Bonsal et al., 2011). Despite a dry
climate, the area received irregular flooding during the last few
years, specifically in 2011, 2013, 2014, and as far back as 1927,
1948, 1955, and 1969 (Shook and Pomeroy, 2015).

Regina (Saskatchewan) is a typical example of a flood-
drought affected area in the southern Canadian Praries because
of a flat terrain, clayey soil, and a dry climate. These geomor-
phic, geologic, and climatic features are quite representative of
the region, especially in and around Winnipeg, Swift Current,
Moose Jaw, and Edmonton. Generally, the Prairies exhibit a
flatland with typical glacial landforms such as moraines (raised
ground that covers unsorted till) and eskers (long winding ridge
of sorted gravel) as well as lakes and low velocity rivers re-
sulting from the meltwater of the retreating glaciers (Ito and
Azam, 2009; Savage, 2011). Likewise,, the surface soils are
predominantly loamy to clayey with variable amounts of organ-
ic matter (Rostad et al., 1993) and possess low infiltration and
high water holding capacity (Ito and Azam, 2013).

The city (5026' N, 104<40' W) falls under a dry continen-
tal climate, as per the K&ppen climate classification system,
and experiences extensive seasonal variations in meteorolo-
gical parameters. Extreme weather events include short dura-
tion and high intensity rainfalls and extended time periods with
no rainfall. Likewise, the underlying soil comprises a fine
grained clayey deposit that inhibits infiltration due to a low
hydraulic conductivity of 5 x<10° m/sec (Ito, 2009). Addition-
ally, the low ground relief (derived from high overburden load
of glacial ice sheets (Ito and Azam, 2009)) facilitates water
ponding. Due to these unique features, the city has experienced
three major flood events in the last decade, including the one in
June 2014 when storm sewers backed up in at least 276 homes
(Shook and Pomeroy, 2016). Similarly, droughts (water deficit
spanning over several months) have recently impacted crop
yeild thereby resulting in huge losses to the economy (Wittrock
and Wheaton, 2007).

The main purpose of this study was to conduct flood-
drought hazard assessment in a flat clayey deposit under a dry
climate. Using Regina as a typical urban centre from the south-
ern Canadian Prairies, the research was carried out by adotping
the following step-wise approach: (i) analysis for climate trends
and climate normals, (ii) determination of spatial distribution
of land use and land form, (iii) statistical assessment of floods
and droughts, and (iv) temporal water budget analyses.

2. Literature Review

Research related to flood hazard assessment in the Cana-
dian Prairies include the following: (i) constructing intensity-
duration-frequency (IDF) curves for Saskatoon using the ob-
served daily precipitation from 1992 to 2009 (Alam et al.,
2015); (ii) developing dimensionless flood frequency curves
for five homogeneous regions in southwestern Alberta using
regression analysis and flood index with the precipitation data

of 1912 to 1978 (Xu, 1999); (iii) investigating factors affecting
2013 southern Alberta flood using measured precipitation data
(Teufel et al., 2017); (iv) identifying the areal extent of 1997
flood in the Red River Valley using satellite imagery from 27
April 1997 to 1 July 1997, (Wilson et al., 2005); and (v) esti-
mating stream flow across Canada for historical (1961 ~ 2005)
and future (2061 ~ 2100) time-periods by using Catchment-
based Macro-scale (CaMa) method (Gaur et al., 2018). Like-
wise, studies related to drought hazard assessment in the Cana-
dian Prairies focused on the following: (i) monitoring agricul-
tural drought in 43 districts using 1920 ~ 1999 precipitation and
temperature data (Quiring et al., 2003) (ii) investigating agri-
cultural drought in 34 regions using multiple drought indices
and 1976 ~ 2003 crop yield data (Sun et al., 2012); (iii) identi-
fying healthy and stressed vegetation through satellite imagery
in southern Alberta from 2000 ~ 2006 (Hanesiak et al., 2011);
(iv) calculating daily moisture anomalies over 1950 ~ 2009
using variable soil infiltration capacity (Wen et al., 2011); and
(v) classifying consecutive drought events using time series
analysis from daily and monthly precipitation totals of 1959 ~
2000 and 1909 ~ 2000 (Chipanshi et al., 2006).

It is clear that the above research studies are limited by
their time duration (single floods and/or short-term analyses),
spatial extent (generalized assessments of large areas), and me-
teorological focus (primarily based on precipitation), and scop-
ing issues (lack of recent historical analyses and a focus on
agricultural droughts). As such, these works have the following
short comings: (i) inadequate capture of physiographic features
(such as topography, land use, soil type) in urban watersheds;
(ii) lack of long-term historical analyses of recent meteoro-
logical data; (iii) neglect of several other types of drought; and
(iv) lack of water resource management strategies for urban
centers.

Table 1 summarizes the various estimation, measurement,
and statistical methods for flood and drought hazard assess-
ment. For each method, the first reference pertains to the Cana-
dian Prairies and the second reference is for a typical case else-
where on the globe. The methods are briefly described and the
main limitations highlighted.

The current study uses IDF curves to determine long-term
flood estimates based on average intensities representing data
from several storms. The peak flow could not be estimated be-
cause the discharge data at various locations in the watershed
was not available. Similarly, the measurement techniques could
not be used as these either focus on one station with extensive
data scatter (due to biases, obstructions, procedures, locations,
and instrumentation) or lack continuous long-term data even if
spatially spread out. Likewise, the CaMa-floodplain method
could not be used because of the absence of a river in the inves-
tigated watersheds and the inadequate treatment of evaporation
and in-filtration. Whereas the multivariate stochastic formula-
tion may be applicable, it was not used because of the asso-
ciated com plexity and excessive data requirement.

Likewise, this study uses the SPI to determine a wide
range (meteorological, agricultural, and hydrological) of long-
term droughts using cumulative precipitations. The multi in-
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Table 1. Summary of Methods for Flood-drought Hazard Assessment

Method and References* Description

Limitations

Flood

Estimation
Precipitation based flood index
(Alam et al, 2015), (Kuo et al., 2015)
Peak flow based flood index

Uses rainfall intensity-duration-frequency curve
for estimating flood

Determines magnitude and frequency of peak

Does not represent time histories of real
storms

Assumes natural flow with minimum

(Benson, 1962), (Xu, 1999) flow flow level regulations
Measurement
Rain gauges Measures amount of precipitation for calculating Data is captured at one station only

(Carbone et al., 2014), (Teufel et al., 2017) flood
NOAA-AVHRR! and Radarsat
(Domenikiotis, et al., 2003), (Wilson et al.,

2005)

Measures spatial extent of flood

Satellite may not receive signal through
clouds

Statistical
CaMa?-floodplain
(Ikeuchi et al., 2015), (Gaur et al., 2018)
Multivariate stochastic rainfall

Simulates hydrodynamic flow in rivers

Captures spatio-temporal variations in rainfall
(Efstratiadis et al., 2010), (Asong et al., 2016) for calculating flood

Evaporation and infiltration are not
considered

Requires long-term rainfall data

Drought

Estimation
Precipitation based drought index (SPI)
(Quiring et al., 2003), (Bonsal et al., 2011)
Multi-index drought
(Sun et al., 2012), (Chen et al., 2018)

30-year record

Compares dryness degree based on a minimum

Combines NDI3, PDSI4, and SPI of drought

Does not account for climatic parameters
affecting evaporation

Applicable only for agricultural drought
ranges

Measurement
Satellite and Radar
(Hanesiak et al, 2011), (De JesUs et al., 2016)
Variable infiltration capacity
(Liang et al., 1994), (Wen et al., 2011)

Measures drought from vegetation maps

Measures drought from soil moisture data

Requires frequently captured vegetation
maps

Cannot process physical objects on
ground

Statistical
Time series
(Chipanshi et al., 2006), (Hao et al., 2018)
Artificial intelligence
(Sadri, 2010), (Hao et al., 2018)

calculate drought

Uses historical data of precipitation to

Models nonlinear interactions in various
drought indicators

Does not capture soil moisture

Uses existing relationships between
predictor and predicand only

1 National Oceanic and Atmospheric Administration's (NOAA), Advanced Very High Resolution Radiometer (AVHRR)

2 Catchment-based Macro-scale
3 NOAA Drought Index
4 Palmer Drought Severity Index

dex method was not used because it focuses on agricultural
droughts only and uses several indices deemed unnecessary for
the current study. Similarly, the measurement methods could
not be used because of the unavailability of frequently acquired
soil vegetation and soil moisture maps. Finally, the statistical
methods could not be used because of inadequate capture of
soil infiltration (time series) or the absence of strong relation-
ships among various drought indicators (artificial intelligence)
for the investigated watershed.

3. Research Methodology

The monthly total precipitation and average data for mean
air temperature, wind speed, and relative humidity from 1970
~ 2015 were acquired from Environment Canada: 1970 to 2007
from the Regina International Airport station and 2008 to 2015
from the Regina Christian School station. Likewsie, the solar
radiation data from 1993 to 2003 were acquired from the De-

10

partment of Geography at the University of Regina. The cli-
mate trends were analyzed using the least square method: an-
nual total for precipitation and annual average for air temper-
ature, wind speed, relative humidity, and solar radiation. Simi-
larly, the climate normals were calculated from the average
values for each month.

Land use was identified by the supervised classification
method (Anderson et al., 1976) for quantitative analysis of re-
motely sensed images in ArcGIS 10 (developed by Environ-
mental System Research Institute, USA). The Landsat (themat-
ic mapper TM 4-5) sattellite image, taken in August 2010, was
acquired from the United States Geological Survey (USGS).
The following three classes of land use were identified: water
(blue, 0000FF), urban areas (magenta, FFOOFF), and open
spaces (green, 008000). Furthermore, the urban areas (distinct
shades of magenta, as given in Figure 3) were further divided
into commercial, industrial, and residential by using Google
Earth 7.3. The 7, 4, and 2 spectral band combination preset was
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used to capture the natural color of land reflection in the satel-
lite image. A given pixel in the image was compared with the
identified spectral profiles and an appropriate class was as-
signed to this pixel. An in-built maximum likelihood algorithm
was used to ensure precision (agreement between the classified
image) and accuracy (agreement between an assumed standard
image and the classified image). Thereafter, the software calcu-
lated the area covered by each class of land use.

Flood discharge curves were developed from the IDF
curves using the rational method (City of Regina, 2010). Using
C for runoff coefficient, i for rainfall intensity (m/s), and A for
watershed area (m?), peak discharge (Qp, m®/s) was calculated
for various return periods (T of 5, 25, and 100 years) over 24
hours using the following equation (Bedient et al., 2013):

Q =CiA @)

The Severity Duration Frequency (SDF) curves were de-
veloped using the standardized precipitation index method in
SP1_SI_6.exe (Abramowitz and Stegun, 1965; Sabau, 2014).
To determine a cumulative SPI, the monthly total precipitation
data were used to obtain a normal cummulative probability dis-
tribution thereby obtaining a mean value at 0.0 and a standard
deviation of £1.0 (Edwards and McKee, 1997). Several combi-
nations of 3, 6, 9, and 12 month periods were simulated and the
drought events were identified when the cumulative SPI<-1.0
(McKee et al., 1993). The corressponding cumulative precipi-
tation was plotted with respect to the above durations. Further-
more, the return period for cumulative precipitation (based on
cumulative SPI) was calculated using r for rank of event (the
severity of event ranked in ascending orders) and m for number
of events (total number of events in each duration) according
to the following equation (Juliani and Okawa, 2017):

T—_2m @)

100(2r -1)

The watershed geometry included watershed areas, con-
tours, water bodies and slopes. Watershed areas were acquired
from the Agriculture and Agri-Food Canada whereas the dig-
ital elevation model (obtained from USGS and possessing a 30
m resolution) was used to create 10 m interval contours and
water bodies in ArcGIS 10. Using 44 for difference in eleva-
tion between end points of a channel, L for the watershed length
(straight line distance along the channel), the slope (s) was
calculated using the following equation:

S=—o 3)

In Equation (3), L was calculated using xi, x» for X-cor-
dinates and y1, y» for Y-cordinates, as follow:

L=[(x2—x) +(y2— y)’J* )

Depth of creeks (Wascana and Pilot Butte), retention ponds,

and storm channels was acquired from Wascana Authority, City
of Regina, and field measurements in summer 2017; all of the
depths were duly calibrated to the mean sea level (msl). Simi-
larly, the top width of water bodies was measured from the
Regina map. Using f for depth, b for bottom width (equaling T
— 2 d/tan 30°, with the slope angle assumed to be 30° with the
horizental line), and T for top width, the cross sectional area
(A) of a water channel was calculated for a trape zoidol shape,
as follows:

_f(b+T)
2

A Q)

The volume of a water channel was calculated by mult-
iplying length with cross sectional area.

Water budget was determined over spring-summer (April
to September) assuming constant precipitation throughout the
city (because of a concentrated watershed with no mountains
to facilitate localized orographic rainfall) as well as no base
flow (because of the absence of shallow groundwater in the
watershed), and negligible inflow and outflow (because of the
flat terrain of the entire area in and around the watershed); the
spring runoff from melting snow is controlled upstream of
Regina. Furthermore, snow melt was not considered because of
the modeling limitiations albeit being 23% of the total annual
precipitaton. Using P for precipitation, R for runoff, | for infil-
tration, E for lake evaporation and ET for evapotranspiration,
the change in storage (4S) was calculated as follow:

P-R—1-E—ET =AS (6)

The precipitation data were acquired, as mentioned be-
fore. Runoff and infiltration were simulatneousely calculated
in HEC-HMS (4.2) for the various sub-watersheds (Bedient,
2013). The Soil Conservation System (SCS) curve number
method was used to calculate infiltration. An average soil wa-
ter content was assumed because of the low hydraucluic con-
ductivity and the high water holding capacity of the clay (Ito,
2009). The Muskingum method along with the SCS unit hy-
drograph was used to calculate channel flow. Likewise, evap-
oration was obtained using the Meyer’s equation developed for
the Canadian Prairies, as given below (Martin, 2002):

E = Ca(Vuw—Va)(L+ W)L+ BA:) ©)

The above equation denotes monthly evaporation by E,
calibration coefficient by C, (10.1 for this study corresponding
to vapour pressure based on 24 observations of air temperature
per day), monthly mean saturated vapour pressure by V., actu-
al monthly mean vapour pressure by Va, monthly mean wind
speed by W, elevation above mean sea level by A, and coeffi-
cients by o (6.21 % 1072) and p (3.28 % 10°%). Finally, evapo-
transpiration (evaporation from soil surfaces including vege-
tation (Tran et al., 2015) was calculated by multiplying evapo-
ration with a pan coefficient of 0.76 (similar to the semiarid
climates of central Tunisia (Alazard et al., 2015).

11
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4, Results and Discussion

Figure 1 shows the climate trends of metrological param-
eters from 1970 through 2015. The data were analyzed in terms
of annual means and standard deviations from the means. The
best fits (linear equations along with the coefficients of regres-
sion, R?) as well as the maximum and minimum values are giv-
en. Generally, the annual mean values are close to the best-fit
climate trends (albeit low statistical significance, as indicated
by R? < 0.34) with the exception of solar radiation for which
the range of available data were limited, that is, 1993 to 2003.
Over the investigated time, the meteorological parameters
changed as follows: precipitation (+50 mm), air temperature
(+0.9 °C), relative humidity (+6%), wind speed (-1.35 km/hr),
and solar radiation (+0.9 MJ/m?). Furthermore, the large data
scatter indicates the frequency of extreme weather patterns on
an annual basis.
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Figure 1. Trends of metrological parameters: (a) annual total
precipitation; (b) annual average air temperature; (c) annual
average relative humidity; (d) annual average wind speed; (e)
annual average solar radiation. (Data obtained from Environ-
ment Canada and Department of Geography, University of
Regina).

Figure 2 shows the climate normals of metrological pa-
rameters from 1970 through 2015. The data were analyzed in
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terms of annual means and standard deviation from the means
with the maximum and minimum values also given. The figure
shows a monthly mean precipitation (Figure 2(a)) of 32 mm.
The total annual precipitation was found to be 386 mm/year, of
which 77% occurs from April to September. This is the time of
the year when the air temperature is mostly positive (that is,
H20 is in liquid form) although the annual mean air temper-
ature (Figure 2(b)) is 2.8 °C. During this season, relative hu-
midity is lower than the mean value whereas solar radiation is
higher than the mean value and wind speed is not correlated.
The last four meteorological parameters are used to calculate
evaporation, as presented later in this paper. Based on climate
normals, Regina is classified as Dfb: where, D is for average
air temperatures of above 10 <C in five months and below -3
<C in the coldest month, f is for precipitation in all months
(minimum of 11 mm in February), and b is for average air tem-
peratures of below 22 <C in the warmest month (July).

(a) monthly average precipitation
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Figure 2. Climate normals of metrological parameters: (a) mon-
thly average precipitaion; (b) monthly average air temperature;
(c) monthly average relative humidity; (d) monthly average
wind speed; (e) monthly average solar radiation. (data obtained
from Environment Canada and Department of Geography,
University of Regina).

Figure 3 shows the land use classification for Regina.
Most of the city is classified as residential and open spaces with
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areas of about 46 km? (37%) and 43 km? (36%), respectively.
These results were double checked using Google Earth 7.3 as
well as field surveys within the study area. Some of the water
bodies appearing in the figure (such as in the north and in the
south) were found to be temporary and, as such, not included
in subsequent analysis. The various types of areas are distribut-
ed as follows: industrial in the north-east; residential spread out
over most of the city; commercial mainly in downtown, east,
north, and south; open spaces (parks and fields) in and around
the city; and water bodies mainly in the south-east and scat-
tered elsewhere. Using the corresponding runoff coefficients,
R/P (Bedient et al., 2013), a weighted average value of 0.6 was
obtained.

Runoff is primarily attributed to impervious areas (com-
mercial, industrial and residential), which account for about

-104°42'0"W
-104°41'0"W
-104°38'0"W

-104°37'0"W

63% of the entire city. In contrast, open spaces (35%) mainly
contribute to infiltration and evapotranspiration, and water
bodies (2%) to evaporation with the remainder reporting as
runoff. Given the low saturated hydraulic conductivity of the
clay (5 %107 m/s that decreases by several orders of magnitude
under unsaturated antecedent conditions (Ito, 2009)), infiltra-
tion through open spaces is expected to be low albeit the pres-
ence of surficial soil cracks that may consume some water for
self-healing.

Figure 4 gives flood-drought hazard assessment methods.
The discharge volume (Figure 4(a)) was calculated for different
return periods: 5 years for sewers, inlets, and gutters, 25 years
for flow routes, roadways, watercourses, and 100 years for
detention facilities (City of Regina, 2010). As expected, these
trends followed the IDF curves for all of the return periods, that

-104°36'0"W
-104°35'0"W
-104°34'0"W
-104°33'0"W
-104°32'0"W
-104°31'0"W
-104°30'0"W

50°31'0"N+

50°30'0"N

50°29'0"N+

50°28'0"N+

50°27'0"N-

50°26'0"N-

50°25'0"N+

50°24'0"N-

Land use Area (km?) (%) Runoff coefficient
Industrial 14.0 11.4 0.80
[ Commercial 18.0 14.6 0.85
Residential 46.0 37.4 0.70
Open spaces 43.0 35.5 0.35
[ ] Water bodies 2.5 2.5
Total 124.0 100.0 0.60

Figure 3. Spatial distribution of land use.
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is, discharge increased with an increase in return period. Fur-
thermore, each curve is characterized by two slopes: a steep
slope up to 2 hours and a flat slope thereafter. The actual floods
of 06 September 2010 and 28 June 2014 resulted in 9.6 < 10°
m? (Environment and Climate Change Canada, 2018) and 9.9 %
10% m® of water over 24 hours, respectively. Although, IDF
curves do not rep-resent actual rainfall histories (Mcpherson,
1978), these events were found to be close to the 100 year re-
turn period.

The severity duration frequency curve (Figure 4(b)) for the
above-mentioned return periods were developed for the follow-
ing selected durations of significance (Edwards and McKee,
1997): 3 months (metrological drought, onset of a dry weather
pattern), 6 months (agricultural drought, insufficient soil mois-
ture for crops), and 9 ~ 12 months (hydrological drought, water
level decrease in streams and reservoirs). The actual 12-month
drought events in 1984 and 2017 resulted in 225 mm and 125
mm of precipitation, respectively (Lizé, 2018). Once again,
these events were found to exceed the 25-year and the 100-year
return periods, respectively.

(a) Discharge volume curves

< 10 & —5 years
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300 (b) Severity duration frequency curves 5 years
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'% % ~200 ——25 years
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3 6 9 12 1984 drought

Duration (hr)

Figure 4. Flood-drought hazard assessment methods: (a) dis-
charge volume curves and (b) severity duration frequency
curves.

Figure 5 shows the characteristics of all of the watersheds
(numbered in flow direction) in Regina. Most of the city com-
prises of watersheds V (39.9 km? in the center and south to
south-west) and V1 (49.3 km?in the north). Smaller watersheds
1 (8.2 km?), 11 (1.8 km?), 111 (8.8 km?), and IV (15.8 km?) are
located in the center and south to south-east. The small areas
around the city limits were considered to be insignificant. The
elevation changes from 600 m asl in the north-east through 570
m asl in the south-west. This uni-directional elevation change
is attributed to alternate glacial advances and retreats during the
Wisconsinan (Christiansen and Sauer, 2002). Furthermore, the
Wascana Creek (from point E in the south-east to point L in the
north-west) is the main flow channel in the city that receives
discharge from the Pilot Butte Creek (from point A in the north-
east to point D in the south-east) at point D. The corresponding
creek slopes gradually decrease from 0.28% to 0.17% and from
0.41% to 0.30%, respectively. The storm channels, located in
watershed V (points | ~ J with 0.29% slope and points H ~ J
with 0.36%) and watershed VI (points M ~ L with 0.21%
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slope), are used for snow dumping in winter. Finally, the reten-
tion ponds are located in the north-west (Lakewood, Lakeridge,
and Rochdale in watershed V1) and in the south-east (Windsor
in watershed II1). The near-flat topography along with a low
slope in the main channels results in water ponding during
short-term and high-intensity rainfalls.

Figure 6 presents the theoretical volume of all surface wa-
ter in Regina. The total volume of water bodies is 84 <108 m?,
of which 98.3% is in the Wascana Creek (E ~ L), 1.3% is in the
retention ponds, and 0.4% in the storm channels and the Pilot
Butte Creek. The volume of water at 0.4 m lower depth is 10 x
10°% m? lower than the total capacity and could have accommo-
dated the 2010 and 2014 floods. However, this did not happen
because of the possible high water level in the water bodies.
Clearly, the water volume is highly dependent on antecedent
condition of water level. Furthermore, the volume of water
from snow melt was found to be 10 < 10° m® as a product of
annual total snow (93 mm), watershed area (124 km?), and vol-
ume correction for phase change (0.9). This usually does not
result in flood in an average spring because it takes 2 ~ 4 weeks
for snow melt thereby allowing enough time for water to dis-
charge.

The total monthly (April through September) values for
precipitation, runoff, infiltration, evaporation, evapotranspira-
tion, and change in storage were analyzed using meteorology-
cal data of 1970 ~ 2015. The data were analyzed (plots not pro-
vided in this paper) in terms of means and standard deviations
from the means. ldentical trends were observed for precipita-
tion, runoff and infiltration. Likewise, evaporation and evapo-
transpiration were identical to one another but did not exhibit
discernible trends with the aforementioned water budget com-
ponents due to various influencing factor (Figure 1): air tem-
perature, relative humidity, wind speed, and solar radiation.
These plots are summarized in Figure 7 in terms of average
monthly volumes (1970 ~ 2015) along with their standard devi-
ations. This was achieved by multiplying each of the water bud-
get component with the corresponding area, as derived from
Figure 3.

Figure 7(a) (precipitation in m® using the watershed area
of 124 km?) shows that the mean values increase from April
(25.7 mm = 3.1 x<10% m®) to June (73.6 mm = 8.9 % 10° m?) and
then decrease up to September (34.7 mm = 4.2 x<10° m®). The
precipitation in April requires that the antecedent height should
be decreased by an additional 0.1 m to accommodate both
snowmelt and the April rainfall volume. The resulting 0.5 m
total depth lowering is enough for the remainder of the months
in an average year because the highest total mean (occurring in
June) is lower than the sum of snow melt and April water
volume. However, high-intensity and short-term precipitation
events may not be accommodated because rapid dissipation is
prevented in the flat topography, as was the case in 2010 and
2014 floods.

Figure 7(b) (runoff volume in m® using the watershed area
of 124 km?) show that the mean values increase from April (7.4
mm = 0.9 x<10% m®) to June (37.6 mm = 4.6 x10° m®) and then
decrease up to September (12.8 mm = 1.6 x 10°® m®). Again,
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IV Wascana Creek below Wascana Lake 15.8 600 A-M Inlet and outlet points
V' Wascana Creek at Regina 39.9
VI Wascana Creek at Joanna Goulet Golf Course 49.3

Insignificant smaller watersheds

Figure 5. Characteristics of watersheds.

discharge is governed by the flat topography such that even the
maximum discharge in June amounts to 5.5% of the total vol-
ume capacity (84 < 10° m®). To ensure that an adequate water
volume is available across the city, discharge is controlled at
selected locations by using stop logs (0.385 m high steel pan-
els).

Figure 7(c) (infiltration in m®) shows that the mean values
increase from April (4.0 mm = 0.6 x10° m%) to June (26.5 mm
= 1.1 x<10°% m®) and then decrease up to September (0.7 mm =

0.7 < 10% m®). Figure 7(c) was obtained by using 43 km? of
open spaces excluding residential lawns and soil under water
bodies. As mentioned before, infiltration is low (a maximum of
1.3% of the total volume capacity) due to a low hydraulic con-
ductivity of the clay (Ito, 2009).

Figure 7(d) (lake evaporation in m3) shows that the mean
values increase from April (68.3 mm = 0.1 %< 10° m®) to July
(184.6 mm = 0.3 < 10° m®) and then decrease up to September
(126.4 mm = 0.2 %< 10% m®). Figure 7(d) was obtained by using
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2.5 km? of area of water bodies. It is noteworthy to mention that
the highest mean evaporation occurs in July (and not, June)
when precipitation is low. Overall, these plots indicate low
evaporation volumes (a maximum of 0.4% of the total volume
capacity) owing to the low total area of water bodies.

(a) Wascana Creek
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Figure 6. Theoretical volume capacity of water bodies: (a)
Wascana Creek, (b) Pilot Butte Creek, (c) storm channels, and
(d) retention ponds.

Figure 7(e) (evapotranspiration in m) is similar to the cor-
responding evaporation plots discussed above. The mean val-
ues increase from April (51.9 mm = 2.2 x10° m®) to July (140.3
mm = 6.0 x10°% m®) and then decrease up to September (96.0
mm = 4.1 x10°% m®). Figure 7(e) was obtained by multiplying
the data by 43 km? of open spaces covered with grass. These
plots indicate low evapotranspiration volume (a maximum of
7% of the total volume capacity).

The change in storage is given in (Figure 7(f)). The mean
values were found to be always negative highlighting a net wa-
ter deficit (representing droughtlike conditions) during spring-
summer. The trends largely follow those of evaporation and
evapotranspiration with a decrease in storage from April (-0.7
x 10% m®) to August (-3.8 % 10° m®) and back to September (-
2.5 %10° m3). The April height value of 0.01 m (based on areas
of water bodies) means that the calculated height lowering of
0.5m (Figure 7(a)) is required to accommodate the sum of April
rainfall and snow melt. For the remainder of the season, the
maximum height is 0.12 m in August and 0.07 m in September.

To manage flashfloods, it is suggested to construct deten-
tion ponds at different low elevation locations in the city such
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as in the north and south (Figure 3 and Figure 5) and improve
current retention ponds through channelization and increase in
volume capacity (Fitri et al., 2010). Likewise, it is recommend-
ed to increase pervious areas through porous pavements parti-
cularly in new residential/commercial areas around the city (Hu
et al., 2018) as well as through plant beds in parking lots and
medians in existing roads throughout the city (Bedient et al.,
2013). In contrast, the primary measures to combat long-term
droughts include rainwater harvesting in residential and comer-
cial areas for reuse through on site tanks, which collect rain-
water/snowmelt from roofs (Van der Sterren et al., 2012) and
snow dumping in the storm channels in the north and south-
west of the city (Figure 3 and Figure 5) and then recycling the
meltwater for agricultural and domestic purposes (Exall, 2004).

It is recommended to extend this research further beyond
the following limitations: (i) use of climate data spanning over
45 years (1970 to 2015) only; (ii) unavailability of recent high
resolution satellite imagery; (iii) neglecting snowfall and snow-
melt in water budget estimation; and (iv) use of precipitation-
based methods only for flood-drought hazard assessment.
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Figure 7. Estimated average total volumes of water budget
components.
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5. Summary and Conclusions

Knowledge of region-specific issues is critical for efficient
watershed management. Dry climate, clayey soil, and flat to-
pography govern water balance in the southern part of the
Candaina Prairies. This research assessed flood-drought haz-
ards in a typical urban centre of the area (Regina, Saskatche-
wan) by adopting the following step-wise approach: analysis
for climate trends and climate normals, determination of spatial
distribution of land use and land form, statistical assessment of
floods and droughts, and temporal water budget analyses. The
main conclusions of the study are given below:

*  Over the investigated time (1970 through 2015), meteoro-
logical parameters have changed as follows: precipitation
(+50 mm), air temperature (+0.9 <C), relative humidity
(+6%), wind speed (-1.35 km/hr), and solar radiation (+0.9
MJ/m?). Likewise, extreme weather patterns are frequent-
ly observed in the area. Under the prevalent dry climate
(Dfb), 77% of the total annual precipitation (386 mm/year)
occurs from April to September. This study provided long-
term historical analyses of recent meteorological data for
the Regina area. Further research is required to include
snowmelt (causing partial flooding) in early spring, evapo-
ration in late fall (causing drought-like conditions), and the
effect of snow cover in winter.

*  The runoff coefficient of 0.6 highlights the significance of
impervious areas (commercial, industrial, and residential)
and near-impervious areas (open spaces with low hydrau-
lic conductivity), accounting for 63% and 35% of total
area, respectively. The near-flat topography (570 m through
600 m asl over 124 km?) along with a low channel slope
of up to 0.4% results in water ponding during short-term
and high-intensity rainfalls. As such, this study adequately
captured physiographic features (such as topography, land
use, soil type) and included various types of drought (agri-
cultural, metrological, and hydrological) in the watershed
analyses. Any new development (causing land use changes
in the area) must incorporate the watershed features and
long-term trends to ensure minimal disruption to the innate
balance of physical, chemical, and biological ecosystems
within the area.

*  Water is managed through the Wascana Creek that holds
98% of the total water volume (84 x< 10°m®) in the city.
From April to September, volume fluctuations depend on
antecedent water levels and meteorological conditions.
The city has recently received several events of flash
floods (2010 and 2014) and long-term droughts (1984 and
2017). The negative average change in storage indicates
drought-like conditions during spring-summer. Such flood
and drought hazards affect both water quantity for irri-
gation of parks and trees and water quality for aquatic life
in the lakes. Excessive storm water during flashfloods can
contaminate the drinking water system thereby causing
health issues as well as erode soils thereby damaging
creeks, shorelines, and houses. This study provided water
resource management strategies for a typical urban water-
shed in the Canadian Prairies.
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