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Abstract:

The contributing areas of streams in the Prairie regions of Canada and the northern U.S. are dominated by complexes of wetlands
which store and release water. Prior research has suggested the existence of hysteresis between the total volume of water stored in
prairie wetlands within a drainage basin and the basin’s contributing area. To simulate the relationship between storage and
contributing area in a way that accounts for hysteresis, two wetland hydrology models with vastly different levels of complexity
were devised.
The fully distributed Wetland Digital Elevation Model (DEM) Ponding Model (WDPM) applies simple fluxes of runoff and
evaporation to a DEM of a prairie wetland complex. The parameterized Pothole Cascade Model (PCM) applies simulated fluxes
of water to collections of conceptual models of wetlands and is less demanding in computations and data. Prior research showed
that both models produced hysteretic relationships between water storage and contributing area, but the PCM produced smaller
estimates of contributing area than did the WDPM, likely due to its spatial simplification.
Using sequential remote sensing observations of wetland area after snowmelt, this study shows that the frequency distribution of
the open water areas of prairie wetlands is similar to that produced by the WDPM when the wetlands are close to being
completely filled. The remotely sensed observations show evidence of hysteresis in the open water area frequency distributions,
as predicted by the fully distributed WDPM. To enable the parameterized PCM to produce the same type of hysteretic
relationships as the WDPM, scaling relationships between the maximum area of a wetland and the area of upland draining into it
were included. The parameterized PCM is suitable for application with prairie snow redistribution, snowmelt, infiltration, runoff
and evapotranspiration routines as part of semi-distributed hydrological modelling of prairie wetland basins such as that
implemented in the Cold Regions Hydrological Model. Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

The hydrology of the formerly glaciated Prairie region of
Canada and the northern United States is quite distinctive
because of the dominance of snowmelt runoff events
in generating streamflow, the lack of baseflow from
groundwater discharge and the extreme inter-seasonal and
inter-annual variability in streamflow which is partly due
to high variability in streamflow response to snowmelt or
rainfall–runoff inputs and partly due to high climatic
variability (Fang and Pomeroy, 2007; Pomeroy et al.,
2007a). The climate is cold and semi-arid to sub-humid
with the majority of runoff occurring over a few weeks
when the melt rate of the wind redistributed seasonal
snowpack exceeds the infiltration rate to frozen soils
(Gray et al., 1989). Summer rains are intermittent, but can
occasionally have sufficient intensities to cause runoff
over small areas (Elliott and Efetha, 1999; Shook and
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Pomeroy, 2012). Interflow and groundwater discharge are
normally negligible, soils are normally unsaturated, and
rainfall is normally insufficient to sustain summer
streamflow (Fang et al., 2010; Pomeroy et al., 2010),
though there can be important exceptions to this in
extremely wet years.
The hydrography of the Prairies is also unusual. The

topography is comparatively flat, and of glacial and post-
glacial origin with many features such as moraines,
flutings, drumlins, outwash plains, glacial outburst
valleys, sand dunes and glacially dammed lake beds that
are due to the ice age conditions of the Pleistocene
(Christiansen, 1979). Since glaciation, the region has
primarily sustained arid to sub-humid climates, conse-
quently there is not sufficient runoff, energy or time for
fluvial erosion to develop the drainage systems familiar in
more temperate regions. Much of the Prairies are
internally drained to small ‘prairie pothole’ wetlands that
are a relic of remnant pieces of glacial ice. These wetlands
percolate to groundwater very slowly due to low
permeability subsurface glacial till and so only have
outflows when their storage capacity is exceeded (van der
Kamp and Hayashi, 1998).
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Shaw et al. (2011) investigated and modelled the
wetland surface runoff generation process after compara-
ble hillslope scale processes identified by Spence and
Woo (2003) (who originated the term ‘fill and spill’) and
Tromp-van Meerveld and McDonnell (2006). Because
there can be long periods without spilling, large parts of
the region have been designated as being ‘non-
contributing’ to local streams by Agriculture and Agri-
Food Canada (AAFC) (Godwin and Martin, 1975), based
on the definition of contributing to streamflow with an
annual probability of 0.5 or smaller. In reality, the non-
contributing areas of basins in the region are dynamic and
change with the amount of water in depressional storage
(Stichling and Blackwell, 1957; Gray, 1964; Pomeroy
et al., 2010; Shaw et al., 2011). The dynamic nature of
the contributing area invalidates all conventional hydro-
logical models which require a basin’s contributing area
to be a fixed value.
The designated non-contributing region for streams

which drain into Canadian rivers is plotted in Figure 1
using data obtained from AAFC (http://www. rural-gc.agr.
ca/pfra/gis/gwshed_e.htm). Figure 1 also demonstrates that
the extent of the designated non-contributing region
generally coincides with that of the Canadian Prairie
ecozone as defined by Marshall et al. (1996). The largest
riverswithin the ecozone are exotic, being sourced primarily
from the Canadian Rockies and the foothills to the west
(Pomeroy et al., 2007b). Of the uncontrolled basins having
gauged outlets within the ecozone and with gross areas
smaller than 1000 km2, the total effective contributing area
(10 846 km2) is approximately 61% of the total gross area of
the basins (17 879 km2).
As depressions fill, they connect and allow water to

travel to a stream. Conversely, as the depressions empty,
their interconnections break, reducing the contributing
area. Modelling the state of depressional storage, and
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therefore the contributing area, is complicated by the
diversity of depressions, which range from puddles to
permanent wetlands. Kuchment et al. (2000) postulated
that the surface depressional storage of the upper Kolyma
River basin in the permafrost region of Russia could be
represented by a continuous exponential distribution (f) of
the form

f Pð Þ ¼ 1

P̂
exp � P

P̂

� �
;

(1)

where P is the maximum possible depressional storage,
and P̂ is a given depressional storage.
Assuming that the depressional storages are filled in

order of increasing size, the total storage (D) can be
computed by integrating f(P). The initial value of the total
storage before the melt was assumed to be related to the
antecedent precipitation.
Although the method of Kuchment et al. (2000) does

provide for a distribution of depressional storage, its
methods of filling and emptying the storage are not valid
on the northern Prairies. Water is added to prairie
wetlands through direct precipitation, by deposition of
wind redistributed snow that melts in situ, by runoff of
rainfall and melting snow from the local catchment area,
from streamflow into the wetland, and from the spill of,
and subsequent runoff from, upstream wetlands (Fang
and Pomeroy, 2008). Water is removed from wetlands by
open water evaporation, evapotranspiration via wetland
and riparian vegetation, downstream drainage, infiltration
to soils and percolation to groundwater (Hayashi et al.,
2003). As prairie wetlands are not arranged in a simple
sequence, the assumption that depressional storages are
filled or emptied in size order is likely not to be valid and
calls into question the applicability of Equation (1) in the
Canadian Prairies.
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Further, the various fluxes of water entering and
leaving a wetland have differing contributing areas. Fang
and Pomeroy (2008) show varying contribution area for
individual wetlands, and Shook and Pomeroy (2011)
theorized that differences in the contributing areas of
individual wetlands for filling and emptying fluxes cause
hysteresis in the relationship between depressional
storage and contributing area at the basin scale. Therefore,
no single-valued function, such as Equation (1), can
describe the contributing area of a wetland-dominated
prairie basin as a function of basin-wide water storage
alone; the spatial distribution of water storage must also
be known.
Hysteresis is also found in other types of post-glacial

basins which are dominated by depressional storage.
Spence et al. (2010) and Phillips et al. (2011) found
evidence of hysteretic relationships between water storage
and streamflow in Baker Creek research catchment in the
subarctic Canadian Shield of the Northwest Territories.
Similar hysteretic relationships were also found by
Oswald et al. (2011) for a basin in the boreal Canadian
Shield in northwestern Ontario. As with the Prairies, the
Canadian Shield is a region of low relief, where the water
storages exhibit thresholds. Unlike the Prairies, the
Canadian Shield is dominated by bedrock, its forests
prevent snow redistribution to lakes and it has large
interconnected lakes rather than small generally isolated
wetlands, so the hysteresis effects exhibited by basins in
the two regions may be different. It is not known whether
the Russian landscapes modelled by Kuchment et al.
(2000) have wetlands that display hysteresis – most of
Russia was deglaciated much earlier than most of Canada
and subsequently was subject to a more humid climate
where fluvial erosion processes could contribute to the
development of drainage networks. It is the lack of fluvial
geomorphology in much of Canada that leads not only to
high depressional storage, but to some sort of hysteresis
in storage and contributing area relationships.
The existence of hysteresis between storage and

contributing area in the Prairies requires explicit model-
ling of the changes in contributing area in hydrological
models of a wetland-dominated prairie basin. The authors
have developed two models which are capable of
simulating hysteresis in calculating the dynamic nature
of contributing area in prairie wetland complexes: the
fully spatially distributed Wetland Digital Elevation
Model (DEM) Ponding Model (WDPM) and the
parameterized Pothole Cascade Model (PCM) (Shook
and Pomeroy, 2011).
These programs were developed to test methods for

representing prairie wetlands in hydrological simulations
of the prairie pothole region. They are models in that they
are simplified representations of complex phenomena.
They are not intended to act as complete simulations of all
hydrological processes in the region, but to act as
components performing internal routing of water within
a hydrological simulation.
It is also important to note that the models are

hydraulic, rather than hydrological. As the models are
Copyright © 2013 John Wiley & Sons, Ltd.
not intended to represent the complex hydrological
processes of the region, it is not currently feasible to
compare simulated outputs (discharges) against measured
discharges. However, the intent of this research is to test
the abilities of the models to reproduce the observed state
variable of open water (depressional storage) area within
a region, and the relationships between the state variable
and contributing area. As will be demonstrated, these
variables and relationships can be tested and validated
without the use of streamflow.
The WDPM models the destination of liquid water

applied to a fine-scale DEM of a wetland-dominated
prairie landscape. The WDPM requires high-resolution
DEMs such as those produced from airborne LiDAR
measurements (Minke et al., 2010) and models the
storage and runoff formation from complexes of many
thousands of wetlands. It is expensive computationally
and demanding in its information requirements.
The PCM models the application and removal of water

from individual wetlands and is therefore amenable to
parameterization by application to conceptual formula-
tions of wetland distributions. The PCM is easier to adopt
than is the WDPM in current prairie semi-distributed
models in Canada that are based on land surface tiles or
hydrological response units such as Modelization
Environmentaire Surface and Hydrology (Mekonnen
et al., (n.d.)) and Cold Regions Hydrological Modelling
Platform (CRHM; Pomeroy et al., 2007a, b).
The objective of this research is therefore to make an

advance toward the development of a general physically
based model of the hydrology of prairie wetland
dominated drainage basins by evaluating a fully spatially
distributed calculation of wetland hydrology with obser-
vations of storage and then parameterizing a more
conceptual model with results of the more detailed model.
The intent is to contribute to the development of a

hydrological model where physically based calculations of
hydrological fluxes will result in accurate simulations of the
interrelated dynamics of wetlandwater storage, contributing
area and the translation of runoff to streamflow generation
on a basin scale.
RESEARCH BASINS

Research was carried out using detailed spatial topographic
data from three basins in Alberta and Saskatchewan,
Canada: Smith Creek Research Basin (SCRB) in the
Assiniboine River Basin of eastern Saskatchewan, St. Denis
Basin and National Wildlife Area in the South Saskatche-
wan River Basin of south-central Saskatchewan and the
Vermilion River Basin of the North Saskatchewan River
Basin of east-central Alberta. These basins were selected
because LiDAR DEM data were available – conventional
DEM data cannot accurately represent drainage networks,
wetland locations and depressional storage in this region
(Fang et al., 2010). Additional high-resolution satellite data
were available for SCRB and St. Denis Basin. The locations
of the three basins are mapped in Figure 1.
Hydrol. Process. (2013)
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SCRB

SCRB has a gross area of 445 km2. The basin has very
mild topography, such that it is difficult to determine
overland flow directions from photogrammetrically
derived elevations. It contains a stream which normally
flows for a few weeks each spring in response to
snowmelt runoff. This basin has been studied by the
University of Saskatchewan Centre for Hydrology since
2007 (Fang et al., 2010; Minke et al., 2010; Pomeroy
et al., 2010; Shook and Pomeroy, 2011; Brunet and
Westbrook, 2012). LiDAR data were acquired from
October 14 to 16, 2008 at a horizontal resolution of 1m,
with a vertical RMS error of 0.05m. The collection
procedure is documented more fully by Lidar Services
International (2009). The 1m data were resampled to a
DEM with a resolution of 10m for ease of use. Using the
LiDAR-based DEM, SCRB was divided into five sub-
basins by Fang et al. (2010) using TOPAZ (Garbrecht and
Martz, 1997) software to determine drainage areas and
stream channel locations (Figure 2). Because some of the
wetland analyses were computationally intensive, they
were restricted to sub-basin 5 which has an area of
12 km2. At a resolution of 10m, the sub-basin 5 DEM,
which was used for modelling, measured 482 � 471
elements (10m � 10m), the number of elements inside
the sub-basin being reduced by its irregular boundary.
A RapidEye satellite image of the region captured on

May 18, 2011 with a pixel size of 5m was made available
by Ducks Unlimited Canada. RapidEye is a constellation
of five Earth Observation satellites which sense spectral
bands of blue (440–510 nm), green (520–590 nm), red
(630–685 nm), red edge (690–730 nm) and near-infrared
(NIR) (760–850 nm) radiation.
The image was classified into water and water-free

regions by developing a binary mask using the RapidEye
NIR channel, which is strongly absorbed by water,
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(Lillesand et al., 2004). An upper threshold was applied
to the NIR data, with the thresholded values providing the
mask. The value of the threshold was determined
iteratively by checking the resulting mask against LiDAR
DEM data and oblique aerial photos collected a week
prior to the RapidEye image. Förster et al. (2010)
demonstrated the ability of automatically classified
multi-temporal RapidEye images to consistently discrim-
inate between open water and other landscapes.
On the Prairies, the difficulty in determining the water

edge by remote sensing can be increased by a ‘willow
ring’ of tall vegetation (brush or trees) which often
surrounds a wetland (Hayashi et al., 1998), and which can
shield the water from direct observation in solar radiation
wavelengths. Due to the extreme wetness of SCRB in the
spring of 2011, most of the wetlands were flooded outside
of their willow rings, making it relatively easy to
discriminate between the water and the surrounding
uplands using the RapidEye images.

St. Denis Basin and National Wildlife Area

The St. Denis Basin is located approximately 20 km
east of Saskatoon, SK, and has an area of 11 km2. The
region has quite high relief for a prairie landscape, being
composed of moderately rolling knob-and-kettle moraine
with some slopes of up to 10 to 15% (van der Kamp et al.,
2003). The connectivity of the wetlands in this basin has
been studied extensively (Shaw, 2009; Shaw et al., 2011)
as has wetland basin wind redistribution of snow and
snowmelt hydrology (Fang and Pomeroy, 2008, 2009)
and evapotranspiration (Armstrong et al., 2008). The
basin does not have a well-defined stream channel,
although Shaw et al. (2011) found evidence of a
disconnected network and that wetlands can episodically
join together via an ephemeral channel, spilling to a
terminal pond, as shown in Figure 3 (Spence, 2007).
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Much of the basin is located inside the St. Denis National
Wildlife Area (SDNWA), as shown in Figure 3. Envi-
ronment Canada has recorded wetland levels at SDNWA
since 1968, and the site has been studied intensively by
researchers based at the University of Saskatchewan since
1980 (Driver and Peden (1977), Miller et al. (1985), van
der Kamp et al. (2003), Shaw (2009)). LiDAR data were
collected on SDNWA on August 9, 2005, with a vertical
resolution of 0.2m and a horizontal resolution of 0.5m,
although this research used an integrated version with
a horizontal resolution of 6m (Töyrä, 2005). At this
resolution, the LiDAR DEM measures 512 � 512
elements (6 � 6m).
Observations of the stream network at St. Denis were

made on foot and by truck throughout the period of
streamflow during the spring and summer of 2011. These
observations were used to ground truth SPOT 5 10m
resolution multispectral satellite imagery obtained on
April 13, April 30, May 13 and July 21, 2011. The images
were atmospherically corrected and orthorectified with
eight ground control points to a 1m resolution LiDAR
image collected using methods summarized by Fang and
Pomeroy (2009). The images were classified into ice,
ponded water, saturated and unsaturated classes with a
supervised maximum likelihood classifier with the four
multispectral bands and the modified normalized differ-
ence water index (Xu, 2006) used as inputs. Classification
accuracy was 98.3%, and the kappa coefficient of the
classification (Congalton, 1991) was 0.98 compared to
field observations.
Vermilion River Basin

The Vermilion River Basin is located in east-central
Alberta and has a gross basin area of 7860 km2. As part of
a research project carried out by the Centre For
Hydrology (Pomeroy et al., 2012), a LiDAR DEM
Copyright © 2013 John Wiley & Sons, Ltd.
measuring 660 � 665 elements (each element measuring
15 � 15m) was acquired, giving a total area of 98.7 km2.
Of this DEM, an area of about 95 km2 was within the
basin and was used for analyses, as shown in Figure 4.
The LiDAR DEM was obtained through AltaLIS, and it
has a stated horizontal accuracy of 50 cm and a vertical
resolution of 30 cm. No high-resolution remotely sensed
measurements of open water areas were available for this
site.
METHODOLOGY

The WDPM

The WDPM is a fully distributed model of wetland
storage and runoff that was described in Shook and
Pomeroy (2011), where it was denoted as Model 1. It is
not a full hydrological model, but simply a model of
depressional storage filling and depleting. The model
finds the final spatial distribution of excess precipitation
(water) evenly applied over a LiDAR-based DEM, using
the iterative algorithm of Shapiro and Westervelt (1992).
The WDPM is difficult to use as the basis for a basin-
scale hydrological model as it assumes uniform
precipitation inputs which are inconsistent with wind
redistribution of snow to depressions (Pomeroy et al.,
1993; Fang and Pomeroy, 2009), uniform open water
evaporation losses which are inconsistent with enhanced
advection of energy to and consequently enhanced
evaporation from small water bodies (Granger and
Hedstrom, 2011) and it is very slow to run. For example,
the WDPM typically took over 16 h (using a 3.06GHz
Intel Xeon 64-bit processor) to model the distribution of a
single application of water to a precision of 1mm, over
the relatively small DEM of SCRB sub-basin 5. This
slowness is despite the model’s physics being intention-
ally simplified; the WDPM does not represent the
Hydrol. Process. (2013)
DOI: 10.1002/hyp
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temporal variability of storage and flow as it does not
incorporate a time step, nor does it include the full range
of processes that lead to wetland filling and depleting.
Improving the physics of the model with a full suite of
processes (snow redistribution, melt, runoff, evaporation)
would require fully spatially distributed simulation of the
spring freshet, and many alternating cycles of rainfall and
evaporation to capture the hysteresis amongst wetland
water storage and wetland open water area and contrib-
uting area (Shook and Pomeroy, 2011). Given a
sufficiently large basin and a wet year (with many
intermittent rain events), it is possible that the WDPM
could not be executed in real time.
There are other limitations to this model. Because the

DEM is based on LiDAR, the model cannot simulate
depressional storage water elevations below those which
were present at the time when the LiDAR was collected.
The horizontal resolution of the LiDAR datasets limits the
minimum size of wetlands and water areas that can be
modelled. Despite its potential shortcomings, the WDPM
is the most detailed model of a network of fill and spill
depressional storage that has been devised and is
considered likely to correctly represent the filling and
subsequent draining of wetlands under a wide range of
circumstances.
The PCM

The PCM, is a more conceptual wetland model than the
WDPM and was described in Shook and Pomeroy (2011)
where it was denoted as Model 2. The PCM is based on
the work of Shaw (2009) in that it simulates the filling
and spilling of a set of prairie wetlands which are
modelled as discrete reservoirs. The PCM differs from
Shaw’s model in that it uses much larger numbers of
wetlands, and the areas of modelled wetlands are
statistically representative of the areas of wetlands in a
Copyright © 2013 John Wiley & Sons, Ltd.
basin. The connectivity of the modelled wetlands is also
statistically representative of that of wetlands in a basin.
The code of the PCM is unrelated to Shaw’s. The
advantage of the PCM, as compared to the WDPM, is that
it is computationally efficient, requiring a few seconds to
complete simulations that would take hours with the
WDPM.
Because of its speed and spatial simplicity, the

modelled wetlands in the PCM can be forced with
physically based calculations of the water fluxes into and
out of the wetlands (direct precipitation, blowing snow
redistribution, snowmelt runoff, rainfall and evaporation)
using a physically based model such as CRHM (Pomeroy
et al., 2007a, b; Fang et al., 2010), or by the simple
additions and removals of water as with the WDPM.
Unlike the WDPM, the model wetlands of the PCM are
not restricted by the resolution of a DEM, and they can
model any depth of water. The simplified spatial structure
of PCM permits it to more realistically parameterize the
outputs from the wetland via evaporative loss. As
discussed previously, Prairie wetlands are often
surrounded by a riparian ‘willow ring’ of trees and
shrubs which is submerged in wet years and whose roots
can draw water from the wetland in dry years. As the
willow ring is well-watered, its evapotranspiration rates
are similar to those of a free-water surface and can be
much higher than the rates from surrounding semi-arid
landscape. Therefore, the effective area of evapotranspi-
ration from the wetland is greater than would be expected
from the Hayashi and van der Kamp (2000) relationships,
when the water surface area is smaller than that of the
willow ring. This effect is included in the PCM.
As was noted by Minke et al. (2010), real wetland

shapes and frequency distributions have fractal charac-
teristics. The PCM wetland shapes are based on the work
of Hayashi and van der Kamp (2000), who developed
simple equations to describe the relationships amongst
Hydrol. Process. (2013)
DOI: 10.1002/hyp
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water depth, surface area and volume for prairie wetlands.
The PCM derives its model wetland dimensions from a
random selection of the frequency distributions of
wetland maximum water areas and volumes for a given
basin. These values were determined from LiDAR data,
using volume–area–depth scaling and DEM infilling
techniques described by Fang et al. (2010). PCM
therefore simulates wetlands as Euclidean objects that
can only approximate the behaviour of real wetlands and
so the wetland storage capacities and drainage network
require parameterization to be able to simulate real
wetland drainage basin hydrological behaviour.
Unlike real wetlands or WDPM-modelled wetlands, the

PCM conceptual wetlands are unable to subdivide when
water levels decline below internal sill elevations. Thus,
when the wetlands are not completely full, PCM cannot
accurately simulate the number of wetlands, their size and
consequently their frequency distribution. This is not
expected to have important consequences for water
balance calculations, such as the evapotranspiration loss,
but will for runoff calculations.
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RESULTS
Fitting frequency distributions to remotely sensed open
water areas

Zhang et al. (2009) found that open water areas in
North Dakota could be described well by simple power-
law relationships between the number of lakes of a given
size and the class size. The power laws, which plot as
straight lines on logarithmic graphs, were found to fit well
over scales between 100 and 30 000m2 and between 6000
and 100 000m2. The power-law distribution used by
Zhang et al. (2009) is a version of the Pareto distribution.
Data that fit a Pareto distribution also plot as a straight
line against their exceedance probabilities on a logarith-
mic graph. The cumulative distribution of the Generalized
Pareto Distribution (GPD) is defined as (Coles, 2001)

F zð Þ ¼ GDP m; s; xð Þ ¼ 1� 1þ x
z� m
s

� ��1=x
� �

;

(2)

where m is the location parameter, s the scale parameter
and x the shape parameter (x 6¼ 0).
A separate GPD was fitted to each of the sets of open

water areas determined from the classified remotely
sensed images of the St. Denis and Smith Creek basins,
using the Open Source statistical language R (R
Development Core Team, 2011). The distributions were
fitted by the method of Maximum Likelihood Estimation
(Ricci, 2005). The null hypotheses, which the fitted
distributions described the frequencies of the remotely
sensed water areas, were accepted at a 5% level in all
cases, using Chi-squared tests.

Deviation of water area frequency distributions from
power laws. Although the distributions of the remotely
sensed open water areas were statistically well-described
by the GPD, it does not follow that the GPD is always
Copyright © 2013 John Wiley & Sons, Ltd.
useful to describe the details of a particular frequency
distribution. For example, the logarithmic plots of Zhang
et al. (2009) show some divergence from linearity,
particularly for the smallest areas. Similarly, Seekell and
Pace (2011) noted that the areas of lakes in Wisconsin and
New York diverged from simple Pareto distributions.
They found that the divergence from linearity was caused
by the underlying frequency distribution deviating from
the ideal Pareto distribution, rather than being an artifact
of undersampling.
Figure 5 plots the resulting frequency distribution of

wetland/lake open water areas at Smith Creek determined
from the RapidEye image as described. These data were
selected for analysis because the very large number of
wetlands provides the most conclusive test of whether the
apparent deviations of the water area frequency distribu-
tion plots from simple power laws is due to
undersampling. The exceedance frequencies of approxi-
mately 85 000 open water areas, ranging in size from
25m2 to 2.6 million m2, are plotted. The exceedance
frequencies were determined using the empirical cumu-
lative distribution function in R, which was used for all
subsequent frequency estimations in this research (Ricci,
2005). The large number of wetlands and the large area
covered demonstrates that the curvature in Fig. 5,
indicative of a deviation from the power-law distribution,
is found over a wide range of scales. As the scales of
curvature far exceed the minimum resolution of the
remote sensing, the curvature is not likely due to
undersampling of the lower tail of the distribution.
To assess models other than a simple power law, least-

squares regression models of the log-transformed open
water areas and exceedance probabilities were determined
for linear, second- and third-order polynomials, which are
plotted, respectively, as black, red and blue curves, in
Figure 5. The values of r2 for the linear, second-order and
third-order polynomial models were 0.915, 0.998 and
0.999, respectively. The large value of the correlation
Hydrol. Process. (2013)
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coefficient for the linear model is greater than might be
expected from a visual examination of the plot, due to the
presence of large numbers of identically sized, small open
water areas, that are fitted much better than are the few
large values. The two polynomial models produced better
values for r2 than did the linear model, and they better
described the evident departure of the frequency distri-
bution from a simple power law. Because of the small
difference between the second- and third-order correlation
coefficients, second-order polynomials, which have fewer
coefficients, are fitted to all subsequent log-transformed
distributions.

Temporal changes in water area frequency distributions
at SDNWA. Zhang et al. (2009) plotted frequency distri-
butions of open water areas over the period 1990–2002.
Unfortunately, the distributions were separated in time by
months or years, making it difficult to isolate the effects of
antecedent precipitation, runoff and evaporative loss on the
distributions of open water areas. By contrast, the remotely
sensed data from the St. Denis Basin were collected at much
more frequent intervals and can be compared to local
records of precipitation and runoff.
Figure 6 plots frequency distributions of open water

areas estimated by remote sensing at St. Denis Basin on
April 13, 30 and May 13, 2011, together with second-
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Figure 6. Logarithmic plot of exceedance probability versus area for water
remotely sensed at St. Denis Basin on April 13, April 30 and May 13,
2011. The lines represent second-order polynomials fitted to the log-

transformed probabilities and areas

Table I. Fractional water area and coefficients of second-order po
transformed exceedance probabilities for rem

Date Total water area as percentage of basin area

Apr. 13, 2011 4.4%
Apr. 30, 2011 11.9%
May 13, 2011 7.5%
Jul. 21, 2011 4.5%

Copyright © 2013 John Wiley & Sons, Ltd.
order polynomials fitted to the points. The total open
water area as a percentage of the basin area and the
coefficients of the polynomials are listed in Table I.
The percentage of water increased from 4.4% on April

13 to 11.9% on April 30 due to the spring snowmelt
freshet, which is one of the few types of prairie
hydrological events capable of causing surface runoff
(Gray et al., 1986). The total fractional open water area
decreased to 7.5% on May 13, 2011. As 14.1mm of
precipitation fell over this period at SDNWA, the
decrease in open water area must have been be due to
the sum of evaporation, infiltration and natural drainage
exceeding the sum of direct precipitation and runoff from
rainfall and snowmelt.
Over the interval April 13 – 30, the frequency

distribution plot of open water areas in Figure 6 appears
to pivot counter-clockwise, which is borne out by the
large changes in the magnitudes of the intercepts, linear
and quadratic coefficients of the fitted polynomials. Over
the interval April 30 – May 13, the plot shifted leftward,
as shown by the comparatively large change in the
magnitude and sign of the polynomial intercepts,
although it is difficult to see in the figure. The smaller
change in the linear coefficient indicates a clockwise
rotation, while the quadratic coefficient showed the
smallest change.
By July 21, 2011, the total open water area had

declined to 4.5% of the basin area. Although the total area
of open water was nearly identical to that measured on
April 13, the frequency distributions of open water areas
on the two dates are very different, as shown by the plots
in Figure 7. The polynomial coefficients listed in Table I
show that the intercept coefficient had the greatest change
in magnitude over the period May 13 – July 21. Over this
interval, 186.6mm of rain was measured at the SDNWA
rain gauge. Runoff from this rainfall and direct inputs of
rain must have been exceeded by evaporation, draining
and wetland-focused recharge to cause the observed
reduction in water area and therefore depressional storage.
The different observed probability distributions of open
water areas of wetlands for similar total water areas
confirm the existence of hysteresis in the filling and
emptying of prairie wetland complexes. Very different
states of individual wetland areas were manifested by
very similar total open water areas. Figure 7 also
demonstrates that the areas of the largest water bodies
are very similar on April 13, and July 21. Therefore,
lynomial regression of log-transformed water areas against log-
otely sensed water areas at St. Denis Basin

Coefficients of second-order polynomial regression

c1 (intercept) c2 (linear) c3 (quadratic) r2

�0.781 0.990 �0.299 0.994
0.366 0.008 �0.080 0.995

�0.125 0.341 �0.139 0.997
0.249 0.329 �0.220 0.997
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Figure 7. Logarithmic plot of exceedance probability versus area for water
remotely sensed at St. Denis Basin on April 13, and July 21, 2011. The
lines represent second-order polynomials fitted to the log-transformed

probabilities and areas

STORAGE DYNAMICS SIMULATIONS IN PRAIRIE WETLAND HYDROLOGY MODELS
neither the total area of open water, nor the areas of large
water bodies can be used to characterize the state of
storage in a prairie wetland complex, due to the existence
of hysteresis.
It follows that the frequency distribution of open water

areas uniquely defines the state of a wetland complex
within a drainage basin at any given moment. Using the
parameters of a second-order polynomial fitted to the log-
transformed distribution, the open water area PDF, and
therefore the state of the wetland complex, can be
quantified. The three parameters of the polynomial are the
state variables of the wetland complex.
Modelling water area frequency distributions at SCRB with
the WDPM

Comparing the openwater areas simulated by theWDPM
with those determined by remote sensing is challenging
because themodel does not use realistic fluxes and so cannot
calculate realistic water areas during partially filled
conditions. However, the completely filled state is unique
(only attainable by one set of state variables), allowing direct
comparison between WDPM and remotely sensed data. In
the spring of 2011, the wetlands at SCRBwere very close to
being completely filled.
Over the interval May 1, 2010 to April 30, 2011,

661.5mm of precipitation was recorded at Yorkton, SK,
which is the closest Environment Canada gauge, located
approximately 60 km from SCRB. As the 1971–2000
annual normal precipitation at Yorkton is 450.9mm, the
interval was a very wet 12months. On April 30, 2011, the
Alter-shielded Geonor precipitation gauge operated by
the Centre for Hydrology at SCRB recorded 28.5mm
water equivalent of snowfall. The rapid melt and
subsequent runoff of this snowfall combined with
accumulated precipitation, redistributed snow and runoff
already stored in wetlands, to produce widespread
flooding of agricultural land within the SCRB.
Copyright © 2013 John Wiley & Sons, Ltd.
According to the Water Survey of Canada, provisional
real-time data (available at http://www.wateroffice.ec.gc.
ca/), the peak manual stage gauging at Smith Creek
(station 05ME007), which also appears to be the peak
discharge (19.7m3/s), was measured on May 4, 2011. The
greatest recorded instantaneous discharge over the period
of record (1975 to 2011) was 24.7m3/s in 1995. The
reason for the apparent moderate response of Smith Creek
to the very large runoff event of 2011 was that the
discharge at the gauge was controlled by a culvert in an
adjacent road. The road acted to dam the streamflow,
causing the water to pond behind it forming a whirlpool
over the Water Survey gauge and culvert and only exiting
the basin via the restricted flow through the culvert. In
1995, the culvert and road were washed out, and so
outflow was not restricted by culvert flow capacity. Over
2011, the total volume of flow was 66.9 million m3

(computed from provisional data) which was more than
double the previous maximum annual flow of 28 million
m3 in 1995.
The very wet conditions experienced at SCRB in the

spring of 2011 resulted in wetland complexes reaching
levels where the landscape was very close to being filled.
The remotely sensed data were acquired on May 18, 2011
and presumably represent conditions slightly after the
maximum extent of open water area in the basin. To
simulate these conditions, WDPM was run for 75
sequences of inputs which included filling (water added
to an initially empty basin), emptying (water removed
from an initially filled basin) and alternating addition and
removal of water. For each model run, second-order
polynomials were fitted to the log-transformed open water
areas and their frequencies to describe the frequency
distribution of open water. The spaces occupied by the
points in each of the plots are roughly triangular, showing
the greatest ranges for values in the middle of the
domains. This pattern is caused by hysteresis in the water
area PDFs, which was demonstrated by the points
describing loops as they were plotted against the
fractional water area (although it is not visible in the
plots). As described previously, the completely filled or
completely emptied states are described by a single set of
coefficients. As the set of wetlands approaches either
state, the variability in its coefficients diminishes,
regardless of whether it is filling or emptying.
None of the coefficients of the polynomials plotted in

Figure 8 exactly match those of the remotely sensed data,
although the remotely sensed coefficients clearly lie
within the range occupied by the simulation coefficients.
The WDPM simulation whose coefficients most closely
resemble those of the remotely sensed data was based on
an application of 400mm of water, which is sufficient to
fill all of the depressional storage, followed by the
removal of 200mm of water. The probability distributions
of the WDPM simulation and the remotely sensed data
are plotted in Figure 9. To compensate for the differing
spatial resolutions of the RapidEye platform (5m) and the
WDPM (10m), only open-water areas equal to or greater
than 100m2 (the minimum area simulated by WDPM) are
Hydrol. Process. (2013)
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plotted. The coefficients of second-order polynomials
fitted to the log-transformed distributions are listed in
Table II.
The sequence of events simulated by WDPM in this

closest simulation to observations is believed to generally
resemble the events which occurred at the SCRB before
the acquisition of the remotely sensed data, in that the
SCRB wetland complex was brought very close to being
filled by the spring freshet, followed by loss of water by
infiltration, drainage and evaporation. The actual mean
depths of water applied to and removed from the SCRB
are unknown, but a removal of 200mm is not plausibly
due to evaporation and infiltration over the 14 days which
passed between the measured peak flow and the date of
the remote sensing. However, Smith Creek basin has been
subjected to extensive artificial drainage (Brunet and
Westbrook, 2012) which undoubtedly increased the rate
at which water was removed from the landscape.
Artificial drainage is believed to be biased towards large
wetlands, as very small wetlands are unlikely to be worth
the expense of draining.
Copyright © 2013 John Wiley & Sons, Ltd.
The spatial uniformity of the WDPM fluxes may also
have contributed to the apparently large magnitude of the
drainage required to fit the simulated storage states.
WDPM does not incorporate the effects of wind
redistribution (blowing snow transport and sublimation)
on the spatial distribution of the winter snowpack, which
may affect the frequency distribution of open water areas
as snow is preferentially deposited in and near wetlands
(Fang and Pomeroy, 2009). The WDPM also does not
incorporate spatial variability in evaporation or infiltra-
tion, which have been shown to cause small wetlands to
empty more rapidly than large ones (van der Kamp and
Hayashi, 1998; Johnson et al., 2010).
The differences between the methods used by the

WDPM and the remote sensing image classifications to
discriminate between water and water-free regions may
also contribute to the very large simulated drainage. As
described previously, the processes of image classifica-
tion were very complex and were preformed with
reference to photographs and ground truthing to obtain
the best results possible. By contrast, the WDPM assigns
array elements containing less than 1mm of water to be
water free, all other elements being designated as
containing water. If the water areas simulated by the
WDPM are consistently larger than the remotely sensed
areas, then the model will require greater evaporation
fluxes and smaller runoff fluxes to produce water areas
similar to those of the remotely sensed images. Further
research on this topic is warranted.
Despite the uncertainties in the measured and modelled

fluxes, there is close agreement between the probability
distributions of the remotely sensed open water areas and
that of artificially filled/emptied/drained LiDAR DEM
open water modelled by the WDPM. Therefore, it is
asserted that the water redistribution mechanism of the
WDPM is substantially correct.

Modelling water area frequency distributions at SDNWA
with the WDPM

The performance of the WDPM was also tested by
examining the changes in the open water area frequency
distribution as water was added to and removed from
Hydrol. Process. (2013)
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Table II. Fractional water area and coefficients of second-order polynomial regression of log-transformed water areas against log-
transformed exceedance probabilities for remotely sensed and simulated water areas at SCRB

Coefficients of second-order polynomial regression

Method Total water area as percentage of basin area c1 (intercept) c2 (linear) c3 (quadratic) r2

Remote sensing 10.4% �0.311 0.532 �0.234 0.996
WDPM 12.5% �0.696 0.855 �0.280 0.998

STORAGE DYNAMICS SIMULATIONS IN PRAIRIE WETLAND HYDROLOGY MODELS
wetlands. The sequence of the addition and removal of
water was intended to mimic the behaviour of the
wetlands at St. Denis Basin during the spring of 2011.
Site visits indicate that runoff began in early April and
that wetlands continued to drain throughout the period
during which satellite imagery was acquired. Therefore,
the wetlands experienced the typical Prairie spring
additions of water from snow melt runoff, followed by
removal of water due to evapotranspiration, infiltration
and drainage. The depths of water added and subtracted
were selected to cause the modelled fractional areas to be
similar to those of the remotely sensed St. Denis Basin
data for April 13, April 30 and May 13, 2011. No attempt
was made to simulate the remotely sensed data of July 21,
2011 as by this date, the wetland complex had been
subjected to an unknown sequence of additions and
removals of water.
Figure 10 plots filling and emptying trajectories of the

open water area probability distributions computed by the
WDPM, using the SDNWA LiDAR data. Initially, 2mm
of water was added to the previously empty DEM. In the
second iteration, a further 12mm was then added for a
total of 14mm. Finally, a uniform depth of 75mm was
removed from the DEM. As the resolutions of the model
and the remotely sensed images are very different, all
analyses were restricted to wetland areas greater than
100m2 in area. As with the SCRB model, the modelled
sequence of additions and removals of water are
simplistic. The initial addition of only 2mm indicates
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Figure 10. Logarithmic plot of exceedance probability versus area for
water areas produced by the WDPM for the addition of 2mm, 14mm to,
and the removal of 75mm of water from, the LiDAR DEM for SDNWA.
The lines represent second-order polynomials fitted to the log-transformed

probabilities and areas

Copyright © 2013 John Wiley & Sons, Ltd.
that the extent of the open water on April 13, 2011 was
probably very similar to that when the LiDAR data were
collected. The removal of 75mm of water over the
interval April 30–May 13 is not plausibly due to
evapotranspiration alone, but losses may be additionally
due to infiltration and drainage. As with the SCRB data,
the differences in the differentiation of water/non-water
regions between the classified remotely sensed data and
the WDPM may also contribute to error in the applied
flux. Additionally, the remotely sensed data are for the
entire St. Denis Basin, while the modelled data are based
on the LiDAR for the SDNWA.
The water area frequency distributions plotted in

Figure 10 strongly resemble the remotely sensed
distributions plotted in Figure 6. The modelled increased
addition of water, from 2mm to 14mm, caused the open
water area frequency distribution plot to pivot counter-
clockwise. The removal of 75mm water caused the plot
to shift leftward, and rotate clockwise, as was seen in the
remotely sensed St. Denis Basin data. The coefficients of
the second-order polynomials fitted to the log-
transformed open water area probability distributions
listed in Table III, also strongly resemble those of the
remotely sensed water areas.
The similarity of the modelled and remotely sensed

open water area frequency distributions is taken to
indicate that the spatial distribution algorithm of WDPM
is generally sufficient for the purposes of this analysis. As
the simulated probability distribution of open water areas
changes in a similar way to the remotely sensed data, it is
believed that the WDPM, if forced by realistic fluxes,
could produce frequency distributions of open water area
similar to those that would be observed. However, driving
WDPM with realistic input and output fluxes remains
problematic as previously discussed.
Parameterizing the PCM from the WDPM

The results indicate that WDPM redistributes water
accurately; if the response of the conceptual PCM to
simulated fluxes of water can be shown to be similar to that
of the fully distributedWDPM, then it may be assumed that
the response of the PCM to simulated fluxes can also be
accurate. The PCM uses statistically representative models
of wetlands to simulate the interconnections within
wetland complexes. Shook and Pomeroy (2011) used the
WDPM and an earlier version of the PCM to model the
changes of contributing area of the SCRB sub-basin 5 in
response to simulated fluxes of runoff and evaporation.
Hydrol. Process. (2013)
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Table III. Water coverage and coefficients of second-order polynomial regression of log-transformed water areas against log-
transformed exceedance probabilities for water areas greater than or equal to 100m2 remotely sensed at the St. Denis Basin and

simulated by the WDPM at SDNWA

Coefficients of second-order polynomial regression

Method Total water area as percentage of basin area c1 (intercept) c2 (linear) c3 (quadratic) r2

Remote sensing
Apr. 13, 2011 4.4% �0.319 0.545 �0.330 0.999
Apr. 30, 2011 11.9% 0.106 0.119 �0.164 0.995
May 13, 2011 7.5% �0.491 0.638 �0.271 0.997

WDPM Model
2mm applied 4.9% �0.386 0.426 �0.156 0.998
14mm applied 11.7% 0.021 0.135 �0.096 0.993
75mm removed 6.7% �0.524 0.664 �0.276 0.996

K. SHOOK ET AL.
The minimum number of wetlands used, and their
connectivity, was derived from the relative frequencies of
wetlands present at each Horton–Strahler level of an
imposed drainage network. The Horton–Strahler levels
are assigned to stream segments based on the order of
their connectivity (Strahler, 1957). For the SCRB sub-
basin 5, at least 46 wetlands were required to adequately
represent connectivity in PCM (Shook and Pomeroy,
2011). Although the PCM with 46 wetlands was also
partially able to reproduce the changes in contributing
area caused by changes in the volume of water stored in
the basin, it invariably underestimated the contributing
area, compared to the WDPM. Use of multiple sets of 46
wetlands improved the representation of contributing
area, but the problem was not eliminated and model
complexity increased substantially.
Further analysis shows that the underestimation of the

basin-scale contributing area by the PCM appears to be
caused by the method of estimating the contributing areas
of the individual modelled wetlands. The wetland
drainage area is the area which can drain to a given
wetland, including the wetted area and the upland area
which can potentially contribute runoff to the wetland.
In the absence of any published information or field

studies, it was previously assumed (incorrectly) by Shook
and Pomeroy (2011) that the ratio of wetland drainage
area to maximum wetland area would be fairly constant
for all wetlands. Here, using a modified version of the
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WDPM, the drainage area was found for each wetland by
(1) filling the DEM to its maximum extent, (2) tracing the
flow path from each non-wetted cell in the DEM to its
termination in a water body and (3) counting the number
of cells (wetted and non-wetted) which contribute to each
water body. As the SDNWA does not drain to a stream, it
was not possible to completely fill and drain the
landscape. In this case, the same depth of water added
to the other basins (400mm) was added to SDNWA.
The calculations were carried out using LiDAR DEM

data at Vermillion River Basin, the SDNWA and the
SCRB. Figure 11 plots the contributing area against
wetland area for all three sites. Although the plots display
a great degree of scatter for the smaller values, all three
sites showed scaling relationships between open water
area and basin area. Surprisingly, the scaling relationships
were all very similar: the exponents of least-squares fitted
power-law relationships, for the SCRB, SDNWA and
Vermillion River basin plots are 0.717, 0.704 and 0.746,
respectively. As the exponents are smaller than 1.0, the
total drainage area increases more slowly than does the
maximum open water area. This means that the upland
drainage area increases more slowly than does the
wetland area and so larger wetlands will tend to have
contributing areas which are smaller fractions of their
maximum water areas, than will smaller wetlands.
Non-integer scaling relationships are common with

collections of fractal objects (Mandelbrot, 1982; Shook
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STORAGE DYNAMICS SIMULATIONS IN PRAIRIE WETLAND HYDROLOGY MODELS
et al., 1993). Prairie wetlands show fractal-type scaling in
their perimeter length (Minke et al., 2010). Sets of fractal
objects, such as lakes or islands, generally fit non-integer
power-law distributions (Mandelbrot, 1982), which is
approximately true of wetland open water areas. There-
fore, the existence of non-integer scaling relationships
between maximum wetland open water area and basin
area might have been expected. As a test of the scale(s)
over which the scaling is valid, areas of lakes and their
basins were obtained for Alberta from Mitchell and
Prepas (1990), and for Saskatchewan, Manitoba and
North Dakota from van der Kamp et al. (2008) and are
plotted in Figure 12. The examined lakes have similar
power-law basin scaling relationships to those of the
wetlands. The greater value of the scaling exponent of the
lake basins (0.90) than for the wetland basins is believed
to be due to the lakes not filling their basins to the fill and
spill sill levels, resulting in smaller open water areas
relative to the basin areas.
For wetlands having areas greater than 1000m2, the

PCM was revised to include the observed non-integer
basin scaling to specify the area contributing to each
wetland, Because of the large scatter shown in Figure 11
for small wetlands, those wetlands having maximum
areas equal to or smaller than 1000m2 had basin areas
arbitrarily set to the mean value for wetlands in their size
class. When forced by simplified fluxes, both the PCM,
with 16 sets of 46 wetlands to parameterize fully
distributed wetlands, and the WDPM produced similar
hysteretic plots of contributing area versus depressional
storage, as shown in Figure 13. As water was added, the
contributing area increased until the entire sub-basin
contributed. The initial removal of water resulted in rapid
reduction of contributing area to near zero. Further
removal of water reduced the volume of water stored in
the basin whilst keeping the fraction of area contributing
at zero.
Incorporating the PCM in a hydrological model will be

less computationally expensive if smaller numbers of
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wetlands can be modelled. Figure 14 plots the contrib-
uting area modelled by the PCM using 1, 2, 4, 8 and 16
sets of 46 simulated wetlands. Note that only the rising
limbs (i.e. due to the addition of water) are plotted, as the
falling limbs (due to the removal of water) are all
identical. The plots indicate that using smaller numbers of
wetlands cause the plots to zig-zag, rather than describing
a fairly smooth curve, probably due to the ‘gatekeeper’
effect identified by Phillips et al. (2011), where a few
large downstream wetlands prevent all upstream land
from contributing until they are filled. Using smaller
numbers of wetlands in the simulation exaggerated the
importance of individual large wetlands, causing an
apparent ‘staircase’ effect that is not observed in nature
for wetland systems in the prairie environment.
However, the plots show that, overall, the number of

sets of wetlands used did not strongly affect the fractional
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contributing area computed by the PCM, and that even
relatively small numbers of simulated wetlands, when
used with accurate basin areas, can be used to simulate
the hysteretic behaviour of a wetland complex. This is an
important parameterization for conceptual models of
Prairie wetland basins storage dynamics that will be
suitable for application at medium to large scales.
SUMMARY AND CONCLUSIONS

This research has advanced toward the goal of physically
based modelling of the hydrology of prairie wetland
complexes, by partially validating a fully distributed and a
parameterized model of wetland storage dynamics and
contributing area.
Remotely sensed measurements show that the frequen-

cy distribution of wetland open water areas characterizes
the state of wetlands in a basin. Although the open water
area probability frequency distributions deviate from the
ideal power-law distribution, the actual distributions can
be characterized by a second-order polynomial fitted to
the log-transformed frequency distribution. The sets of
coefficients of the polynomials can be used to character-
ize open water area probability distributions and can
therefore be regarded as being a state variable.
Although it is currently forced with very simplified

fluxes of water, the fully distributed wetland dynamics
model was able to produce probability distributions of
open water areas which were very similar to those
obtained by remote sensing of open water areas in post-
flooding conditions. When parameterized using relations
between wetland drainage area and wetland area from the
fully distributed model, the parameterized wetland storage
and contributing area model was able to produce a
hysteresis loop very similar to that produced by the
distributed model for the same input and output fluxes.
The ultimate goal of the parameterized PCM is to

incorporate it in physically based models of prairie
hydrology. However, the PCM cannot currently produce
the same frequency distributions of open water areas as
the distributed model for states where the wetlands are
less than full. Consequently, the PCM cannot be
initialized and hence not verified against remotely sensed
data. It may be possible to initialize PCM by spinning it
up, if the model can be shown to reach an equilibrium
state regardless of the initial state, for a sufficiently long
set of modelled fluxes. Further research is required to
fully implement PCM in a hydrological model, and the
final verification of its usefulness will be whether it can
improve dynamical contributing area and streamflow
calculations in hydrological models applications in the
prairie environment.
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