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Tracking surface water coverage changes is a complicated task for many regions of the
world. It is, however, essential to monitor the associated biological changes and biopro-
ductivity. We present a methodology to track contemporary water coverage changes using
optical remote sensing and use it to estimate historical summer water coverage in a large
river delta. We used a geographical information system automated routine, based on the
modified normalized difference water index, to extract the surface water coverage area
(SWCA) from optical satellite data sets using the surface water extraction coverage area
tool (SWECAT). It was applied to measure SWCA during drought and flood peaks in the
Saskatchewan River Delta in Canada, from Landsat, SPOTand RapidEye images. Landsat
results compared favourably with Canadian National Hydro Network (CNHN) GeoBase
data, with deviations between SWCA classifications and the base CNHN GeoBase
shapefile of ~2%. Difference levels between the extracted SWCA layer from Landsat
and the higher resolution commercial satellites (SPOT and RapidEye) were also less than
2%. SWCA was tightly linked to discharge and level measurements from in-channel
gauges (r2 > 0.70). Using the SWCA versus discharge relationship for the gauge with
the longest record, we show that peak summer SWCA has declined by half over the last
century, from 13% of our study area to 6%, with likely implications for fish and wildlife
production.

Introduction

Tracking surface water coverage change is a vital task for water management (flood and
droughts) and monitoring biological changes. This task is both challenging and important
for large, remote areas subject to inundation such as river deltas. Large inland deltas in
boreal regions have been long-standing hubs for fish and fur production (Townsend 1975;
van de Wolfshaar et al. 2011). Profound hydrological changes owing to upstream
impoundments have altered the flood characteristics of many of these deltas (Prowse
et al. 2002; DUC 2011). One such delta, the Saskatchewan River Delta (SRD) (Figure 1),
covers approximately 10,000 km2 in the boreal plains ecoregion of Canada. Despite recent
large-scale flood events (2005 and 2013) that have led to community evacuations (Smith
and Pérez-Arlucea 2008), there has been a general declining trend in river discharge over
the past half-century (DUC 2011). Understanding links between in-channel discharge,
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water level, and inundated area is therefore vital to determining the past, current, and
future distribution of aquatic habitats as well as to the management of flood and
drought risks.

Remote-sensing (RS) data sets are widely used for wetland inundation studies and are
particularly useful for capturing hydrological processes occurring on large spatial scales
(Hess and Melack 2003; Frohn et al. 2009; DUC 2011; Fantin-Cruz et al. 2011; van de
Wolfshaar et al. 2011; Frohn et al. 2012; Sagintayev et al. 2012; Ward et al. 2013). While
there are many successful cases of RS applications for floods and droughts, there are still
many opportunities for improvement (Kuenzer et al. 2014). Some of the issues connected
to these applications are the availability of satellite image data, issues of detecting water
under vegetation canopies, cloud and smoke, application and selection of data with
reasonable spatial resolution, and choices between free publicly available data and
expensive commercial data. Freely available RS data typically have lower spatial resolu-
tion compared to commercial products. Most data with coarse spatial resolution, such as
Moderate Resolution Imaging Spectroradiometer (MODIS) b1 and b2 with 250 m resolu-
tion, are available for free public use. Higher resolution data, up to 2–5 m (e.g. SPOT and
RapidEye), are only commercially available and often out of the realm of many research
budgets. Landsat is one of the exceptions, with a spatial resolution of 30 m and a 16-day
revisit interval. Data stemming back to 1973 are freely available and acquisitions are
continuing due to the recent launch of Landsat-8, Landsat Data Continuity Mission
(launched in February 2013).

Selection of input data with reasonable spatial resolution that is appropriate to the size
of the research area and the time constraints of research programmes are both critical
considerations when choosing RS data sets. What methodology can be applied or is
required to study changes in surface water coverage?

Figure 1. The study area in the Saskatchewan River Delta (SRD), Canada. Hydrometric station
locations are indicated by purple pentagons (Saskatchewan River below Tobin Lake, station
ID # 05KD003; Cumberland Lake, station ID # 05KH002; The Pas station ID # 05KJ001).

International Journal of Remote Sensing 765
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In this article, a methodology for extracting surface water coverage area (SWCA) is
presented. We introduce an automated routine and toolset, designed in the geographical
information system (GIS) environment, which reliably provides SWCA extracted from
different satellite data sets. We tested our specialized GIS-based toolset by extracting a
series of images from multiple satellites (Landsat, SPOT, and RapidEye). Water coverage
layers from SPOT and RapidEye were used to compare with Landsat water extracted
layers. The toolkit was applied to the SRD and relationships between inundated area and
in-channel gauge measurements were examined, thus allowing hindcasting of past flood
conditions in this important and vulnerable ecosystem.

Earth observation satellites with visible/infrared sensors from satellites such as Landsat,
SPOT, IKONOS, RapidEye, ASTER, MODIS, NOAA AVHRR, IRS-1B LISS-II, and the
radar systems JERS-1, ERS-1, and RadarSat have been used widely for surface monitoring,
especially coverage tracking of large areas (Li et al. 2001; Ozesmi and Bauer 2002; Lee and
Anagnostou 2004; Töyrä and Pietroniro 2005; Fournier et al. 2007; Lacaux et al. 2007; Sultan
et al. 2008; Milewski et al. 2009; Sagintayev et al. 2012). The water coverage extraction
methods can be divided into four types (Ozesmi and Bauer 2002; Feyisa et al. 2014): (i)
thematic methods, including unsupervised classifications or clustering using principal com-
ponent analysis (Wagner et al. 2003; Lira 2006; Jensen 2007); (ii) supervised classification,
including the popular maximum likelihoodmethod; (iii) variations of satellite-derived indices,
including single-band thresholding (Jain et al. 2005), two-band spectral indices (Jain
et al. 2006), such as the normalized difference water index (NDWI) (McFeeters 1996), the
normalized difference moisture index (Wilson and Sader 2002), the modified normalized
difference water index (mNDWI) (Xu 2006; Ji, Zhang, and Wylie 2009), the water index
(Ouma and Tateishi 2006), normalized difference vegetation index (NDVI) (Gao 1996), and
the automated water extraction index (AWEI) (Feyisa et al. 2014); and (iv) a combination of
various methods, fuzzy classification, subpixel classification, spectral mixture analysis,
hybrid or rule-based methods (Ozesmi and Bauer 2002; Jensen 2007; Rokni et al. 2014).

Methodology

Method testing site description

The study area is the SRD at the lower end of the Saskatchewan River Basin (SRB) in
Canada. The entire delta spans approximately 10,000 km2 (yellow polygon), so a
subsection (white polygon) covering 1315 km2 was selected as a test site (Figure 1).
The hydrometric station locations are shown by purple pentagons (Figure 1). Some
tracking of vegetation changes has been carried out on a small area of the delta
(Baschuk, Ervin, et al. 2012). Some studies covering the entire SRB emphasize land
use and water quality in the basin (SRBPartners 2008). Field work in the region is
complicated by the remote location and the large areas of shallow water, bogs, fens,
swamps, and marshes, such as the Summerberry Marsh (DUC 2011). The SRD is a low-
lying and low-slope area with substantial wet and dry fluctuations from spring to
summer (SRBPartners 2008). It is an important bird breeding area consisting of a
complex series of abandoned and active river channels, lakes, and wetlands (Adams,
Slingerland, and Smith 2004; Baschuk, Koper, et al. 2012). Moreover, the SRD water
regime is a culmination of runoff water diversions and extractions and dam regulations,
all occurring upstream in the SRB (Schindler and Donahue 2006). Annual discharge has
been reduced by approximately 30% since the beginning of the last century due in part
to both the Gardiner and E.B. Campbell dams withholding flow (DUC 2011). At the
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same time, floods inundate large areas of the delta, impacting local residents. The SRD
is therefore prone to both flood and drought. Recent extreme floods occurred in 2005,
2011, and 2013, while 2001 and 2002 were extreme drought years (Schindler and
Donahue 2006; Smith et al. 2009; DUC 2011). These dynamics make it critical to
understand how surface water coverage varies with in-channel flow as measured by
gauges.

Satellite and gauge data

Water-related GIS data sets such as the flow network and water coverage of the research
area were acquired from Canadian National Hydro Network (CNHN) data sets (http://
www.geobase.ca). Landsat data were obtained from the United States Geological Survey
Earth Resources Observation and Science Center’s Global Visualization Viewer (http://
glovis.usgs.gov/). The SPOT data sets were acquired from the Alberta Terrestrial Imaging
Center, and the RapidEye data sets were purchased from BlackBridge Geomatics. Landsat
consistently collects data by rows and paths that are made available using a well-devel-
oped processing methodology. Only data sets without cloud coverage were selected for
this study and image calibrations with atmospheric corrections were also used. The same
consistent UTM projections were applied to all data sets, including SPOT, RapidEye,
Landsat, and Geobase. Hydrometric gauge data were acquired from the Water Survey of
Canada, Environment Canada (http://www.ec.gc.ca/rhc-wsc/).

Methods review: mNDWI

From the various surveyed methods for extracting SWCA, normalized spectral indices,
manual translation, and parametric classification of images are the most widely used
(Gao 1996; Xu 2006; Lacaux et al. 2007; Ji, Zhang, and Wylie 2009). In comparison to
other methods, the use of spectral indices has many advantages; this method relies primarily
on the transformation of numerical values, which allows a decrease in background effects
and reduced data dimensionality to provide a level of standardization for comparative
purposes, and enhance the required signal for specific land-cover and land-use areas
(Reed et al. 1994). Thus, normalized indices increase the separation ability of information
extracted from RS data. Due to spectral differences among diverse land-cover and land-use
areas, surface areas can be calculated from different combinations of remotely sensed image
bands depending on the type of surface analysed, for example water, vegetation, or urban
areas (As-Syakur et al. 2012).

The current research adapted the approach of normalized spectral difference indices
for the identification of water areas. Here, the NDWI in the form of the mNDWI was used
for the delineation of open surface water areas within the studied region:

mNDWI ¼ Bgreen � BSWIR NIRð Þ
Bgreen þ BSWIR NIRð Þ

; (1)

where Bgreen and BSWIR(NIR) are sensor spectral parameters. Bgreen is the green band
(wavelength 0.5–0.6 µm). BNIR is the near infrared band (wavelength 0.7–0.9 µm) with
small variations between Landsat MMS, SPOT2 HRV, and RapidEye JSS56 BNIR sensors.
BSWIR is the short-wave infrared band (wavelength 1.55–1.75 µm) with small variations
between Landsat TM, SPOT4 HRVIR, and SPOT5 HRG BSWIR sensors.

International Journal of Remote Sensing 767
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The mNDWI depends on the proportion of water subpixels to non-water sub-
pixels (e.g. soil and/or vegetation). Applying a threshold can control the analysis
output (Ji, Zhang, and Wylie 2009). Following Xu (2006), zero was set as the
mNDWI threshold for open surface water areas. In addition to the water index
threshold, the BSWIR(NIR) thresholds were used for better open surface water area
identification and delineation (Lacaux et al. 2007). The BSWIR(NIR) thresholds were
estimated for the satellite data sets using a visual assessment of the preliminary
identification results (Table 1). The following are the different mNDWI threshold
pixel value limits of the BSWIR(NIR) used for open surface water area identification
and delineation: (a) Landsat MSS (NIR) – 30; (b) Landsat TM (SWIR) – 35; (c)
Landsat ETM + (SWIR) – 35; (d) SPOT2 HRV (NIR) – 40; (e) SPOT4 HRVIR
(SWIR) – 40; (f) SPOT5 HRG (SWIR) – 60; and (g) RapidEye JSS56 (NIR) – 2500
(Table 1). RapidEye’s threshold is higher because it has a higher radiometric
resolution (16 bit data) compared to Landsat and SPOT (8 bit data). By using
these thresholds, the SWCAs were extracted.

The general spatial resolution rule states that for the successful identification of the
object of interest there is a need for at least four spatial observations – pixels, in the case
of RS raster data (Cowen et al. 1995; Jensen 2007). For example, the identification of a
water object with a 60 m diameter would require four pixels with at least 30 m × 30 m
spatial resolution. Therefore, the identified open surface areas were filtered: the objects
less than or equal to the area of three pixels were removed to avoid misinterpretation.
After filtering, the identified open surface areas that intersected the study region were
extracted as a final result.

A toolset for surface water coverage extraction

A GIS-based toolset was designed for the surface water coverage extraction from different
satellite data sets. We prepared the mNDWI tool using Environmental Sciences Research
Institute (Esri) ArcGIS visual programming capabilities to extract the SWCA. Referring to
Figure 2 for the conceptual scheme of the mNDWI tool, the logic of the tool’s algorithm
includes (i) mathematical calculations, i.e. mNDWI calculation with the input of green
and SWIR (NIR) band values (Equation (1)) and the application of mNDWI, SWIR(NIR),
and data filtration 3 pixels thresholds; (ii) Boolean operation, i.e. AND between mNDWI
and SWIR(NIR) layers after respective thresholds application; and (iii) the overlay
operation, i.e. Intersect, which extracts the final SWCA within the study area. The use
of the mNDWI approach and Esri ArcGIS visual programming capabilities provides users
with reliable output and calculation flexibility. It is a time-efficient method and can be
embedded into one’s GIS data flow.

We applied the new toolset to determine the SWCA and to track hydrological changes
for flood years in the SRD. The SWCA extracted from Landsat were then compared with
the SWCA from CNHN, SPOT, and RapidEye on dates as close as possible to the Landsat
acquisitions and for as broad a range as possible of surface coverage.

To compare the SWCA with the in-channel and lake gauge data, spring and summer
peaks were analysed separately because they represented local snowmelt runoff and
riverine flow originating in the Rocky Mountains, respectively. We examined the shape
and strength of relationships between the SWCA and discharge for two gauges
(05KD003, Saskatchewan River below Tobin Lake, and 05KJ001, Saskatchewan River
at The Pas) and between the SWCA and level for a third gauge (05KH002 Cumberland
Lake). All data from 1985 to 2012 were combined to include the range of flow conditions
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across drought, average flow, and flood years (Table 1). Cumberland Lake water level was
available only from 2000 onwards, and the lake zero point is 264 m above sea level.

To examine how the SWCA has changed over the time period for which records were
available, we used the regression relationship developed between the SWCA and dis-
charge for the gauge at The Pas. We applied the corresponding regression equation to the
entire record (1913–2012) and estimated daily SWCA for the summer months (June to
September) because biological activity in flooded areas are most likely to peak when
temperatures are warm and the photoperiod is long (Winemiller 2004). We then

Figure 2. Conceptual diagram illustrating the application of the mNDWI tool developed using
ArcGIS visual programming capabilities to extract SWCA from Landsat TM, SPOT, and RapidEye
satellite data sets.

International Journal of Remote Sensing 771

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Sa

sk
at

ch
ew

an
 L

ib
ra

ry
] 

at
 1

0:
05

 1
1 

Fe
br

ua
ry

 2
01

5 



determined the maximum and minimum summer SWCA for each recorded year and
determined change over time using linear regression.

Results

The applied methodology with the toolset allowed identification of the SWCA during
drought and flood periods. The smallest SWCA of 56 km2 in our image set occurred on 6
August 2001, a time period classified as drought conditions (Landsat TM, Figure 3(a)).
An example of average SWCA conditions of 89 km2 occurred on 13 September 1990
(Landsat TM, Figure 3(b)). The next SWCA level, 106 km2, was on 9 July 2012
(RapidEye, Figure 3(c)). The following SWCA of 151 km2 was captured during the
2005 flooding on 8 June 2005 (SPOT-4, Figure 3(d)). A higher SWCA of 178 km2

occurred on 29 July 2011 (RapidEye, Figure 3(e)). The maximum SWCA of 289 km2 was
observed during flooding on 8 July 2005 (SPOT-4, Figure 3(f)).

Verification and deviations: data sets comparison

The SWCA extracted from Landsat were compared with SWCA from CNHN, SPOT, and
RapidEye. The CNHN metadata (http://www.geobase.ca) provided validation data for the
layer covering the research area for the following dates: 11 September 2002, 15 September
2001, and 24 July 1990, and for the years 1988, 1985, 1979, and 1968 (no day or month is

Figure 3. Examples of the extracted SRD SWCA for different times and satellite images: (a)
Landsat TM, 6 August 2001 – SWCA = 56 km2; (b) Landsat TM August 1990 – SWCA = 89 km2;
(c) RapidEye, 9 July 2012 – SWCA = 106 km2;; (d) SPOT-4, 8 June 2005 – SWCA = 151 km2; (e)
RapidEye, 29 July 2011 – SWCA = 178 km2; and (f) SPOT-4, 8 July 2005 – SWCA = 289 km2.
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provided for these years). The CNHN metadata does not show the exact Landsat date, and
obtaining more detailed information from the CNHN Geobase is not possible. According to
the Geobase support technicians, the layers were prepared by using a combination of field data
collection and different Landsat images acquired under average flow conditions, without
droughts or flooding. Based on the available data fromCNHN, we assumed that this coverage
occurred on dates close to 11–15 September, typical of average flow conditions. The CNHN
layer reports SWCA of 89 km2; this value was used as a base for our SWCA comparison and
verification for different years on dates near 11–15 September.

While many Landsat images were cloud-covered and thus excluded from the SWCA
analysis, sufficient images were available to compare to the CNHN (Table 1) and yielded
reasonable comparisons to CNHN-derived SWCA. Using the closest date to the CNHN
date range, the following % differences were observed:

(date; CNHN SWCA km2; Landsat SWCA km2; % difference)

● 11 September 1985 48 89 –46%
● 9 September 1995 63 89 –29%
● 15 September 2001 53 89 –40%
● 2 September 2005 98 89 10%
● 19 September 2011 88 89 –1%
● 13 September 2012 87 89 –2%

The next verification level for Landsat-derived SWCA was a comparison to estimates
obtained from SPOT and RapidEye during flood conditions (Table 1). Three pairs of images
on comparable dates showed good agreement. The RapidEye (29 July 2011, discharge
1050 m3 s–1) and Landsat (17 July 2011, discharge 1060 m3 s–1) comparison shows
178/191 = 7 % difference, likely stemming from the two data sets being acquired on different
days with slightly different discharge levels. The SPOT (8 June 2005, discharge 1110 m3 s–1)
and Landsat (22 June 2005, discharge 2470m3 s–1) comparison also shows a difference of 7%
(151/183) despite the large differences in flow conditions and the 2-week interval between
acquisition dates. The SPOT and Landsat images captured on the same day (8 July 2005,
discharge 1810 m–3 s–1) exhibited a difference of 289/292 = 1%. The explanation of the small
difference in SWCA, even though there is high difference in discharge values, is related to the
topography and geology of the SRD. The SRD is very flat with an average slope of 0.0001
(10 m elevation difference for a distance of 100 km). The study area is underlain by a shallow
layer of limestone (Interlake Formation) of Ordovician and Silurian age resting upon
Precambrian rocks of the Canadian Shield. Clay-rich glacial till is the dominant feature of
the surficial geology (Morozova and Smith 2000). The SRD has a mixture of bog deposits,
sand, silt, and clay with low permeability (PFRA 1977). During high river discharges, water
moves mostly along the well-developed delta stream channels over the low-permeability
deposits to Cumberland Lake.

Hydrometric stations and surface water coverage

There was good agreement between hydrometric gauge data and the SWCA derived from
Landsat, SPOT, and RapidEye. Seasonal changes during two flooding years, 2005 and
2011, show how the SWCA varies over the course of the ice-free season (Figures 4 and 5),
and image mosaics juxtaposed on the discharge and level hydrographs indicate synchrony.
Major flood peaks occurring in late June and early July in both years and a minor peak in
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fall 2005 were also captured by the SWCA method. There was a minor time lag between
the discharge recorded at the most upstream gauge (Saskatchewan River below Tobin
Lake) and the estimated SWCA, while the opposite was the case for the downstream
gauges (Cumberland Lake and The Pas), consistent with their positions (Figure 1).

Figure 4. Time series of SWCA and discharge (station ID # 05KD003, Saskatchewan River below
Tobin Lake; station ID # 05KJ001, Saskatchewan River at The Pas) for the 2005 and 2011 flood
years. The hatched line corresponds to a 5-day moving average for SWCA.

Figure 5. Time series of SWCA and water level (station ID # 05KH002 Cumberland Lake) for the
2005 and 2011 flood years.
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SWCA increased according to a power function of river discharge below Tobin Lake
(y = 1.76x0.63, r2 = 0.76, Figure 6), while exponential functions best described the
relationship between SWCA and level at Cumberland Lake (y = 39.9e0.49x, r2 = 0.71,
Figure 7) and between SWCA and discharge measured at The Pas (y = 44.872e0.0007x,
r2 = 0.72, Figure 8).

Both maximum and minimum summer SWCA declined during the 100-year record
at The Pas (Figure 9). This change was more pronounced for maximum area
(slope = −0.91, r2 = 0.20) than minimum area (slope = −0.18, r2 = 0.16). On average,
approximately 1 km2 less area has flooded each year since the beginning of the
instrument record. In 1913, an average summer flood covered approximately
168 km2, or 13% of our study area, while current floods cover approximately
78 km2, or 6% of the study area.

Figure 6. Relationship between extracted SWCA and discharge (station ID # 05KD003, the
Saskatchewan River below Tobin Lake). The best fit power function is y = 1.76x0.63 (r2 = 0.76).

Figure 7. Relationship between extracted SWCA and water level from 264 m as zero point (station
ID # 05KH002, Cumberland Lake). The best fit exponential function is y = 39.9e0.49x (r2 = 0.71).

International Journal of Remote Sensing 775

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Sa

sk
at

ch
ew

an
 L

ib
ra

ry
] 

at
 1

0:
05

 1
1 

Fe
br

ua
ry

 2
01

5 



Discussion

The mNDWI methodology and toolset were applied to track SWCA for the wide-ranging
hydrological regime of the SRD. The deviations between extracted SWCA layers com-
pared to the base CNHN layer (range of differences = −10 to 46%) likely stem from
variability introduced by flooding and droughts because the CNHN layer was developed

Figure 9. Estimated maximum and minimum summer SWCA over the past century, developed
from the regression relationship in Figure 8 and applied to long-term gauge date from The Pas
(1913–2012).

Figure 8. Relationship between extracted SWCA and discharge (station ID # 05KJ001, The Pas).
The best fit power function is y = 44.87e0.0007x (r2 = 0.72).
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in the absence of these conditions. For example, an average year (2012) without droughts
and floods yielded a result consistent with the CNHN (87/89 = 2%). Additional uncer-
tainty arises from differences in acquisition dates between the CNHN water layers and the
Landsat data set. Smaller deviations (<7%) observed between freely available Landsat
imagery and commercial satellite data (SPOT and RapidEye) can also be attributed to
offsets in acquisition dates as well as the difference in pixel sizes between products. SPOT
(10 m spatial resolution) and RapidEye (5 m) both have higher spatial resolution than
Landsat (30 m). However, for the purposes of RS applications in large river wetlands such
as the SRD (total area ~10,000 km2, smaller research area examined here = 1315 km2),
this deviation is acceptable. For similar tasks in large-scale areas, it may be rational to use
Landsat images instead of expensive commercial satellite images such as those from
SPOT and RapidEye (Ward et al. 2013), especially if budgets are constrained. The freely
available and consistent Landsat, with a revisit interval of 16 days, is a viable option for
these purposes while reserving more expensive, high-resolution data for fine-scale inves-
tigations (Baschuk, Ervin, et al. 2012). Landsat data have been one of the best sources for
analysing land surface changes over the past 40 years (Dangermond 2013).

Our analyses show the timing and magnitude of river flow required to inundate large
portions of the SRD. In 2011, flood water was released more gradually from Tobin Lake
(flow controlled by E.B. Campbell dam) than in 2005, when water was held back from the
end of April until early June before being released. Upon release, SWCA increases rapidly
with comparable peaks in the two years despite the differences in release timing. It takes
approximately two weeks to inundate the delta when the discharge exceeds more than
1500 m–3 s–1, and infrastructure becomes threatened and levee deposition occurs at flows
above 2500 m–3 s–1 (Smith and Pérez-Arlucea 2008). When the discharge is less than
1000 m–3 s–1, water is conveyed mostly through stream channels and little inundation
occurs, as evidenced by the small SWCA (<100 km2) and its tight relationship with
discharge at these low flows (Figures 6 and 8).

The strong correlation between in-stream gauge data and SWCA opens up possibilities
for retrospective and prospective analyses of inundated area with implications for flood risk
and biological production (Ward et al. 2013). For example, our hindcasting of SWCA shows
that peak summer flooded area has gradually declined over the past century, likely due to
capture and storage, followed by winter release, then hydro dams in the basin, combined
with declining inflows (St. Jacques et al. 2010). Long-term declines in flows and floods are
linked to reduced fish productivity in regulated basins (van de Wolfshaar et al. 2011) as the
truncation of flood peaks limits the ability of plants and animal to capitalize on the ‘flood-
pulse advantage’ (Bayley 1995). This reduction in flood pulsing is likely a factor involved
in the notable declines in fish and wildlife production in the SRD (SRBPartners 2008).

The links between gauge data and inundated area may also enable future projections
of floods associated with additional water resource development in the basin and climate
change. The latter is predicted to reduce overall flows by 7% and alter seasonal timing,
with summer declines of 15% and a shift towards earlier spring flooding in the SRB
(Lapp, Sauchyn, and Toth 2009; Pomeroy et al. 2010; Shepherd, Gill, and Rood 2010;
Sagintayev et al. 2013).

The main limitation of optical satellite sensors (Landsat, SPOT, and RapidEye) is fog
and cloud coverage. In comparison with the optical satellites, the radar satellite signals are
unimpeded by clouds and fog, and can collect data from almost any environment day or
night. Radar imagery is available with resolutions as fine as 3 m. Radar satellites include
RadarSat-2 (resolution: 3–100 m), Envisat (30–150 m), Cosmo-SlyMed (1–100 m), and
TerraSAR-X (1–18 m), images that are all commercially available.
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Conclusion

The methodology and the GIS mNDWI tool were developed and tested to trace surface
water coverage and timing of inundation for the SRD using satellite images and a limited
amount of gauge data. While SWCA correlates reasonably well with discharge and level
data discharge, routing may improve the correlation for such a large and intricate stream
network system. The KISTERS WISKI water resource management system may be well
suited for such an application. Routing would (i) incorporate a lag-time between discharge
from Tobin Lake and the downstream flooded surfaces and (ii) simulate accumulated
volumes discharged from Tobin Lake, which affect the extent of flooding throughout the
delta. Answers to these questions can be critical for flood forecasting, especially for the
communities of Cumberland House in Saskatchewan and the Opaskwayak Cree Nation
and The Pas in Manitoba.

The difference in the counts of water pixels between the extracted SWCA layer and
the base CNHN layer is 2% for comparable data acquisitions. The difference between the
extracted SWCA layer from Landsat and the higher resolution commercial satellites SPOT
and RapidEye is also 2%. For large-scale studies, Landsat data may be sufficient to
characterize surface water coverage, especially if constrained research budgets do not
allow extensive expenditures for imagery acquisition. However, small-scale studies requir-
ing fine spatial resolution may require imagery from commercial sensors such as SPOT
and RapidEye.

This methodology was developed and tested on an area within the SRD; however, it
may be applied to many other parts of the world with a similar hydrological setting on a
large scale with a paucity of field data and availability of satellite images.

The optical satellite sensors, Landsat, SPOT, and RapidEye, have limitations during
times of fog and cloud cover. In comparison to the optical satellites, radar is uninhibited
by cloud and fog and can collect data both during the day and at night. A combination of
optical and radar sensors may be a reasonable approach to improve temporal resolution
and is a subject of future work.

Future studies should also be related to the analyses of SWCA, different discharge
levels, and soil moisture. Testing other water indices, including the AWEI for flat areas,
using imagery from available satellites sensors covering our area, is also planned. The
AWEI has only been tested for mountainous areas using Landsat imagery, but it will be
interesting to see how it performs for flat areas.

The small differences in SWCA when discharge values are high should be related to
the topography and geology of the SRD. The SRD is a very flat area, and it is underlain
by a shallow limestone layer, covered with surficial mixture of bog deposits, sand, silt,
and clay with low permeability. The bog deposits during the dry seasons may work as a
sponge and may store a large amount of water. During the wet period, soil is saturated and
runoff is higher. The amount of water volume that the bogs store should also be
investigated. This is a vulnerable area for flooding of residences and additional tools
are required for better flood forecasting, especially for First Nation communities and areas
around the town of The Pas, Manitoba.
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