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Abstract: Wetlands are dynamic environments, the water and vegetation of which can change
considerably over time. Thus, it is important to investigate the hydroperiod status of wetlands
using advanced techniques such as remote sensing technology. Wetland hydroperiod analysis has
already been investigated using optical satellite and synthetic aperture radar (SAR) backscattering
data. However, interferometric SAR (InNSAR) coherence products have rarely been used for wetland
hydroperiod mapping. Thus, this study utilized Sentinel-1 coherence maps produced between 2017
and 2020 (48 products) to map the wetland hydroperiod over the entire province of Alberta, Canada. It
was observed that a coherence value of 0.45 was an optimum threshold value to discriminate flooded
from non-flooded wetlands. Moreover, the results showed that most wetlands were inundated less
than 50% of the time over these four years. Furthermore, most wetlands (~40%) were seasonally
inundated, and there was a small percentage of wetlands (~5%) that were never flooded. Overall,
the results of this study demonstrated the high capability of INSAR coherence products for wetland
hydroperiod analysis. Several suggestions are provided to improve the results in future works.
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1. Introduction

Wetlands provide many advantages such as water purification, protection from nat-
ural hazards, soil and water conservation, and shoreline protection [1]. Wetlands are the
result of naturally occurring hydrological and biogeochemical processes [2]. The wetland
hydroperiod has been shown to be one of the main factors controlling species commu-
nity structure and, thus, wetland biodiversity [3]. Hydroperiod refers to the fluctuations
in wetland water level and extent that occur over daily, monthly, seasonal, and annual
timescales mainly in response to weather [4-6], climate trends [7], or disturbances such as
urbanization and development [8].

While hydroperiod observations and research have typically been conducted based
on in situ measurements, these techniques cannot readily be applied to wide-area wetland
mapping and monitoring, primarily because of substantial logistical challenges. On the
other hand, remote sensing systems, which provide medium to high spatial resolution and
multi-channel imagery over large areas, have effectively been applied to monitor wetlands
at various scales [8,9]. Moreover, the multitemporal aspect of repeat satellite overpasses is
helpful in improving hydroperiod characterization of these dynamic landscapes [8,9].
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Among various remote sensing systems, synthetic aperture radar (SAR) has widely
been used to map surface water [10-13] as well as to map wetland extent and type [14-16].
SAR systems can acquire imagery regardless of the atmospheric conditions, making them
valuable in countries such as Canada, where the weather is not suitable for acquiring optical
satellite imagery in many areas. Moreover, the emitted wavelengths of SAR systems are
sensitive to moisture and vegetation structure (the two main characteristics of wetlands),
making them efficient for wetland mapping. Several studies have so far investigated the
application of SAR data for wetland hydroperiod analysis. For example, Ref. [17] used mul-
titemporal RADARSAT-2 images to map open water and marsh hydroperiod classes, which
are defined by the Alberta Wetland Classification System [18], i.e., temporary, seasonal, and
semi-permeant wetlands. They observed that hydroperiod variation could be affected by
short-term rainfalls. Additionally, Ref. [19] used Sentinel-1 data to investigate the surface
water hydroperiod in Alberta. They proposed a method for identifying recurring and
permanent water bodies within the Google Earth Engine (GEE) cloud computing platform.

Interferometric SAR (InSAR) techniques have previously been used for monitoring
changes in the landscape [20-23]. InNSAR products consist of paired SAR images for which
the interferometric phase (¢) and coherence magnitude (y) are determined. It has been ar-
gued that coherence can provide information on the differences between the paired images
related to changes in wetland extent, water level, soil moisture, and vegetation [22,24-26].
However, low coherence can also be the result of other factors, such as sensor noise, sensor
position, or temporal baselines, limiting the application of InSAR for wetland hydroperiod
mapping [21]. Thus far, many studies have investigated the application of INSAR coher-
ence for wetland mapping [22-31]. For example, Ref. [22] examined the utility of SAR
coherence for wetland detection in southern boreal Canada. They found that inundated
vegetation exhibited high coherence during the snow/ice-free period. The researchers also
reported that among wetland classes, swamps generally demonstrated stable coherence
values, while marshes showed the greatest variability in coherence due to the phenology of
these species. Similarly, Ref. [30] produced time series Sentinel-1 coherence products from
the entire province of Alberta and assessed their applicability for discriminating different
wetland types. They examined the difference in wetland coherence at three timescales,
monthly, seasonally, and leaf-on/leaf-off, and found that coherence products could be used
to classify wetlands due to the separability of the coherence responses on both monthly
and seasonal scales. Moreover, Ref. [27] discussed the application of L-band InSAR data
for assessing water level change in coastal wetlands. They reported that coherence data
could provide useful information regarding wetland seasonal variations, and coherence
was inversely correlated with vegetation indices such as the normalized difference vege-
tation index (NDVI). Ref. [28] also used Sentinel-1 INSAR data to assess the hydrological
connectivity of wetlands. Furthermore, Ref. [29] applied INSAR data, generated from the
Advanced Land Observing Satellite (ALOS) and Radarsat-1, to detect the extent of inunda-
tion in the Louisiana coastal wetlands. They argued that InNSAR was useful for mapping
water level changes in wetlands. In terms of wetland hydroperiod analysis using INSAR
techniques, Ref. [24] applied SAR intensity and coherence products to map the surface wa-
ter, inundation, and hydroperiod in the Amazon basin. They reported that coherence was
helpful in distinguishing inundated wetlands and could be a useful product for wetland
hydroperiod analysis.

In Canada, wetlands are estimated to cover 13% of the landmass, the majority of those
being peatlands (i.e., bogs and fens) [32]. Within Alberta, approximately 20% of the province
is covered by wetlands, where peatlands constitute almost 90% of the wetland area [19].
Since wetlands in Alberta have increasingly been impacted by human activities and climate
change [33], it is imperative to monitor trends in water occurrence and extent across all
wetland types, especially peatlands, which dominate the Albertan and greater Canadian
landscapes. Additionally, as discussed above, there is only one study (i.e., [24]) that has
investigated the application of INSAR coherence data for wetland hydroperiod analysis.
There are many upcoming SAR systems, such as NASA-ISRO Synthetic Aperture Radar
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(NISAR), that will produce INSAR coherence products. The increase in the number of SAR
systems will also improve the revisit time of SAR data over dynamic wetland areas. This
will consequently enhance wetland hydroperiod studies. Thus, continued development of
InSAR coherence data for wetland hydroperiod analysis is of great importance. Therefore,
the Seninel-1 coherence products were used in this study to:

)
@
®)
4)

Determine the optimum coherence threshold value for separating flooded and non-
flooded vegetated Canadian wetlands;

Generate biweekly maps of flooded wetlands for the entire Alberta during the snow-
free period from 2017 to 2020;

Produce inundation frequency maps for Alberta and determine the wetland hydrope-
riod for the entire study period and each individual year;

Examine hydroperiod trends across Alberta over four years.

2. Material and Method

In this section, the study area (Figure 1a) and various datasets (Figure la—c) that were

used in this study are described. Moreover, the methodology to use coherence data for
assessing a wetland hydroperiod are explained in Section 2.5.
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Figure 1. (a) Study area (Alberta) and the distribution of in situ samples and the locations of the
hydrological and meteorological stations; (b) an example of a coherence map from the province of
Alberta produced in Ref. [30]; (c) Alberta-wide wetland map produced in Ref. [33].
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2.1. Study Area

The study area constituted the entire province of Alberta (~661,190 km?), located
within interior western Canada (Figure 1a). During summer and winter, the average day-
time temperatures range from 20 °C to 25 °C and from —5 °C to —15 °C, respectively [34].
The province hosts a variety of land covers due to the fact of its large extent and latitudinal
gradient, occurring between 49°N and 60°N. For example, the southern portion of the
province is characterized by prairie and parkland landscapes, with the northern portion
being part of the boreal forest of North America and the west forming part of the Rocky
Mountains. The prairie regions are mainly covered by pastures, cropland, and urban areas
and is known for its pothole topography [35]. Small shallow water bodies and marshes
are the dominant wetland classes, which experience frequent changes in water level and
extent [18]. In the boreal regions, peatlands dominate the wetland areas which cover
significant portions of the region, with non-wetland areas covered by forests and other
anthropogenic activities such as oil and gas extraction [33]. Wetlands are uncommon within
the Rocky Mountains [19,36].

2.2. In Situ Data

In this study, the in situ data of the locations of flooded and non-flooded wetlands,
which were collected by the Alberta Biodiversity Monitoring Institute (ABMI), were em-
ployed. The distribution of in situ data is demonstrated in Figure 1la. Initially, 40 and
28 samples of flooded and non-flooded wetlands (see Figure 2 for examples), respectively,
were used to select the optimum coherence threshold value for flooded wetlands (see
Section 2.5.3). These samples were called training samples. Then, 10 and 9 independent
samples of the flooded and non-flooded wetlands (called test samples) were applied to
assess the accuracy level of the selected threshold values. It is worth noting that all in situ
samples were collected from various types of wetlands and, thus, they represented various
wetland types in the province, though not all types present on the landscape.

(b)

()

Figure 2. Examples of (a,b) flooded and (c¢,d) non-flooded wetlands recorded in the field.
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2.3. Coherence Products

Ref. [30] produced biweekly INSAR coherence products from five tracks of Sentinel-1’s
orbits (600 maps in total), which can effectively be used for hydroperiod mapping. They
generated these products using Sentinel-1 C-band SAR data, acquired between 2017 and
2020. The interferometric wide (IW) swath mode in the VV polarization with a spatial
resolution of 5 x 20 m (single look complex (SLC) data) was utilized. Ref. [30] co-registered
the 12 day Sentinel-1 InSAR pairs to produce these coherence maps. Approximately, 4% of
the study area was not covered by same-date acquisition tracks and, thus, coherence was
not derived for these areas. Figure 1b shows an example of these coherence products. In
this study, the biweekly coherence products between May and October for the four years of
2017-2020 were employed. Thus, 48 coherence products from Alberta were applied to the
hydroperiod analysis.

2.4. Alberta-Wide Wetland Map

Wetland maps of Alberta were produced in Ref. [33] using Landsat imagery for 16 time
periods from 1984 to 2020. The maps were developed in GEE using an object-based random
forest model and achieved overall accuracies and class accuracies generally above 87%
and 80%, respectively. In this study, the classified maps for 2017-2018 and 2019-2020 were
combined (Figure 1c) and used to identify vegetated wetlands (i.e., bog, fen, marsh, and
swamp), open water (deep and shallow waters), and upland areas (i.e., forest, cropland,
grassland, shrubland, and barren) across the province. Based on the produced wetland
map, approximately 28% of the province was covered by vegetated wetlands and open
water, leaving 72% composed of non-wetlands.

2.5. Methodology

Figure 3 demonstrates the proposed method for wetland hydroperiod analysis using
coherence data. The details of the different steps are discussed in the following subsections.

2.5.1. Masking Vegetated Wetlands and Open Water

The main objective of this study was to analyze the hydroperiod of wetlands. Thus, the
vegetated wetlands (i.e., bog, fen, marsh, and swamp), as well as open water, were initially
masked from the Alberta-wide wetland inventory map (Figure 1c). The hydroperiod
analysis was only conducted over these masked areas.

2.5.2. Preparing Biweekly Coherence Mosaic Images

The biweekly coherence products from the five tracks, acquired between 2017 and
2020, were combined to create the biweekly coherence maps for the entirety of Alberta.
Then, these maps were masked over the vegetated wetlands and open water areas (see
Section 2.5.1). By this, 48 time series maps from 2017 to 2020 were generated and used for
hydroperiod analysis.

2.5.3. Selecting Coherence Threshold Value for Flooded Wetlands

One of the main steps in hydroperiod assessment is detecting flooded areas. Although
this is relatively simple using optical satellite and SAR data, there is no study that has
comprehensively discussed coherence values for wetland hydroperiod analysis through
detecting flooded wetlands. Consequently, the coherence values for in situ training samples
(see Section 2.2) were extracted and analyzed to select the optimum threshold value for
flooded wetlands.
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Figure 3. Flowchart of the method for analyzing the wetland hydroperiod using the InNSAR coher-

ence products.

2.5.4. Accuracy Assessment of Flooded Wetland Maps

The independent in situ test samples were first applied to assess the accuracy level
of the selected threshold value in identifying inundated wetlands. Moreover, to further
assess the accuracy of coherence thresholding for identifying flooded and non-flooded
areas, the total area of flooded areas was calculated for vegetated wetlands for each of the
48 coherence maps. High coherence areas not associated with wetlands or due to the fact of
human disturbance were masked in the calculations using the produced wetland map and
the ABMI's Human Footprint Inventory [37], which maps human activities across the entire
province. To this end, portions of two representative watersheds were selected to assess
the relationships between the mapped flooded areas and downstream river discharge,
precipitation, and temperature (see Figure la for the locations of the hydrological and
meteorological stations). The headwater sub-basins making up the Alberta portion of the
Peace River watershed were selected to represent the landscape in the northern portions of
the province, while the sub-basins constituting the South Saskatchewan River headwaters
were chosen to represent the southern portion. The Peace River flows through the boreal
forest which hosts extensive peatland complexes, whereas the South Saskatchewan River
watershed is characterized by an expansive area of shallow wetlands known as potholes.

Daily discharge data were downloaded from the Environment and Climate Change
Canada (ECCC) data portal for 2017 to 2020 from hydrometric stations along the water-
shed’s major watercourse and immediately downstream of the headwater sub-basins (i.e.,
the Peace River measured at Peace River and South Saskatchewan River measured at
Medicine Hat). These locations were selected to minimize the influence of other hydrologi-
cal processes (e.g., groundwater and human use) on assessing the relationship between
flooded areas of downstream discharge. Precipitation and temperature measurements
were also acquired from the ECCC data portal at meteorological stations located near the
hydrometric stations in Peace River and Medicine Hat.
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2.5.5. Wetland Hydroperiod Analysis

The selected optimum threshold value was applied to the biweekly coherence maps to

produce a total of 48 (12 per year) wetland inundation maps for the province of Alberta.
Then, two types of hydroperiod maps were produced:

)

@)

Percentage hydroperiod map for the entire four years: the percent frequency of
inundation was calculated for wetland areas based on the number of times an area
was identified and mapped as flooded (i.e., coherence was more than the selected
threshold value in each of the 48 maps), where 100% and 0%, respectively, represent
permanently flooded areas and areas that were never flooded (i.e., coherence was
always less than the selected threshold value) from 2017 to 2020.

Annual hydroperiod classification: For each year (12 maps), the hydroperiod clas-
sification was produced based on the number of flooded times, where 0, 1-2, 3-7,
8-10, and 11-12 instances represent the never flooded, temporary, seasonal, semi-
permanent, and permanent classes, respectively. These classes were initially defined
in Ref. [38] and were later used in several studies related to wetland hydroperiod
analysis [12,17,19,24].

3. Results

Coherence thresholding was used to identify flooded versus non-flooded conditions

on a biweekly basis over the four-year period (see Figure 4 for the results obtained by the
training samples). A threshold of 0.45 was selected after examining the coherence values
for the in situ training samples with known hydrological conditions. The results showed
that all non-flooded sites had coherence values less than 0.45 (omission error = 0).
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Figure 4. Optimum coherence threshold selection for the flooded and non-flooded vegetated wet-

lands: coherence values for the (a) flooded and (b) non-flooded wetland samples; omission and

commission errors of different threshold values for the (c) flooded and (d) non-flooded wetlands. The

red lines in (a,b) indicate the selected optimum threshold value (i.e., 0.45).
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Moreover, most flooded sites exhibited coherence values greater than 0.45 and up
to 0.82, though a small proportion of the flooded sites fell below the selected coherence
threshold value and were mapped as non-flooded wetlands. In fact, the value of 0.45 was
selected as the optimum threshold value because it resulted in the lowest (second lowest
for flooded) omission and commissions errors when used to mask flooded and non-flooded
wetlands. This was also observed by analyzing the overall accuracies for different threshold
values, where the values of 82%, 84%, 91%, 85%, and 85% were observed for the threshold
values of 0.4, 0.425, 0.45, 0.475, and 0.5, respectively.

To evaluate the accuracy of the selected threshold value of coherence (i.e., 0.45), it was
applied to 10 and 9 independent sites of the flooded and non-flooded wetlands, respectively
(Table 1). The overall accuracy of identifying flooded and non-flooded wetlands using
this threshold value was relatively high (84%), indicating the high potential of the coher-
ence maps for mapping inundated wetlands. Overall, the results showed that coherence
thresholding could effectively be used to map flooded wetlands over large areas such as
the province of Alberta.

Table 1. Confusion matrix of the identification of the flooded and non-flooded wetlands using
test samples.

In-Situ Samples

Flooded Non-Flooded User Accuracy (%) Commission Error (%)
Mapped Flooded 8 1 89 11
PP Non-Flooded 2 8 80 20
Producer Accuracy (%) 80 89 _aso
Omission Error (%) 20 11 Overall Accuracy =84%

The selected optimum threshold value was applied to 48 coherence maps to identify
flooded and non-flooded areas. Flooded areas for the Peace River and South Saskatchewan
River sub-basins along with precipitation, temperature, and downstream river discharge
data are illustrated in Figures 5 and 6, respectively. Flooded areas followed trends similar to
the recorded discharge for both the Peace River and South Saskatchewan River. Discharge
from the South Saskatchewan River at Medicine Hat and flooded areas within the basin
both slightly decreased from 2017 to 2019 and then increased in 2020. Discharge from the
Peace River generally increased from 2018 to 2020. Flooded areas over the same period
increased from 2018 to 2019, though they decreased in 2020. River discharge was not
recorded at the Peace River hydrometric station in 2017.

A regression analysis found a moderate negative relationship between flooded area
and downstream discharge for the Peace River basin (R2 = 0.40, p < 0.05) and no signifi-
cant relationship for the South Saskatchewan River basin. It was hypothesized that the
negative relationship was explained by a time lag between observing the flooded wetland
conditions and the water being transmitted into the main watercourse. To assess this,
lagged regressions and cross-correlations were additionally computed for each individual
year and basin and no consistent pattern across all four years was observed. A positive
significant correlation was observed at lag —6 for the South Saskatchewan basin in 2017
and lag —7 in 2018, while no significant correlations were observed in 2019 or 2020. For the
Peace River basin, only 2019 and 2020 had enough observations to produce meaningful
correlations. A significant negative relationship was found at lag +1 in 2020, with no
significant correlation observed in 2019.
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Figure 5. (a) Total daily precipitation; (b) mean daily temperature; (c) daily river discharge;
(d) flooded area for the Peace River at Peace River, Alberta. Discharge data were not available
for 2017.
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Figure 6. (a) Total daily precipitation; (b) mean daily temperature; (c) daily river discharge;
(d) flooded area for the South Saskatchewan River at Medicine Hat, Alberta.

Overall, the poor correlations between flooded area and downstream discharge were
likely due to the influence of various additional processes that determine downstream
discharge over a large area such as hydrological connectivity (e.g., peatlands store water
and transmit it slowly, and pothole wetlands are often unconnected, except during high
water conditions), human influence (e.g., dams, canals, irrigation, and reservoirs), and
antecedent conditions (e.g., size of snowpack and prolonged drought/rainfall). A similar
analysis using precipitation measured at each representative meteorological station and
derived from satellite data (i.e., PERSIANN-CDR) across the entire basin of interest yielded
similar results. Flood maps were produced on a biweekly basis; thus, a relationship between
flooded area and discharge or precipitation may be missed in this analysis.
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Daily total precipitation, mean daily temperature, daily river discharge, and flooded
area per time interval for the Peace River basin (Figure 5) and South Saskatchewan River
basin (Figure 6) were instead plotted to confirm that the patterns in observed flooded area
generally followed the meteorological and discharge trends observed at the representa-
tive stations.

After assessing the accuracy of the flooded and non-flooded areas, they were used for
hydroperiod analysis. The Alberta-wide hydroperiod map from 2017 to 2020 is illustrated
in Figure 7. The area of each hydroperiod category is also provided in Table 2. Based
on the results, most wetlands were flooded for less than 50% of the time between 2017
and 2020. Areas of moderate to higher inundation frequency not associated with open
water occurred in the northern portion of the province, particularly in the Cameron Hills,
Caribou Mountains, and Birch Mountains regions. Moderate to low inundation frequency
was also observed in the eastern portion of Wood Buffalo National Park, where coherence
information was available, and other portions of northeastern Alberta, as well as around
the town of High Level in the northwest. In southern Alberta, most of the landscape
consists of non-wetland areas, though where wetlands exist, they typically exhibit higher
flooding frequencies.

m 0-10%
m 10-20%
20-30%
30-40%
40-50%
i 50-60%
m 60-70%
= 70-80%

m 80-90%

= 90-100% 0 100 200 Km
M Non-wetland I

M No Data (a) (C)

Figure 7. (a) Hydroperiod map of wetlands in Alberta (based on percentage) using coherence products
of 2017-2020; (b) a zoomed map from a portion of the Birch Mountains; (c) the corresponding high-
resolution satellite image exported from ArcGIS software.

The hydroperiod maps based on various inundation classes in different years are
provided in Figure 8. The coverage of each hydroperiod class is also demonstrated in
Figure 9. Based on Figure 8, the hydroperiod classes showed similar spatial patterns across
Alberta over the four years. In the northern portion of the province, inundation patterns
appeared relatively consistent across the region, except for the map of 2018 during which
northwestern Alberta experienced increases in flood frequency not seen in the northeast.
Wet and dry conditions appeared consistent in southern Alberta across the study period.
Non-flooded areas were not limited to specific parts of the province and instead occurred
in various locations over the four years. For example, relatively large areas exhibiting
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non-flooded conditions were observed in northwestern Alberta in 2017, central Alberta in

2019, and northeastern Alberta in 2020.

Table 2. Areas of flooded wetlands between 2017 and 2020 for different hydroperiod categories.

Flooded Percentage Category (%) Area (Km?) Percentage Cover (%)
0-10 16,694 8.84
10-20 28,773 15.24
20-30 28,315 15.00
30-40 25,793 13.67
40-50 20,854 11.05
50-60 13,224 7.01
60-70 13,284 7.04
70-80 10,090 5.35
80-90 6360 3.37

90-100 25,368 13.44
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Figure 8. Wetland hydroperiod classification for the entirety of Alberta using coherence maps
produced in (a) 2017; (b) 2018; (c) 2019; (d) 2020.
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Figure 9. Area and percentage cover of each hydroperiod class in different years.

Based on Figure 9, seasonal wetlands were the most common hydroperiod class,
accounting for approximately 43% of the wetland area in Alberta, followed by the tem-
porary, permanent, and semi-permanent classes. Approximately 5% to 10% of wetlands
were mapped as never flooded between 2017 and 2020. The area of wetlands that were
permanently or semi-permanently flooded were relatively similar ranging from 10% to
approximately 18% of total wetland area. Temporarily flooded wetlands covered approxi-
mately 20% of wetlands. The greatest proportion of the permanent and semi-permanent
wetlands were observed in 2019, with the most never flooded and temporary conditions
observed in 2020. Seasonal hydroperiods were most extensively observed in 2018.

Wetland hydroperiod trends from 2017 to 2020 are also illustrated in Figure 9. Semi-
permanent and permanent wetlands peaked in 2018 and 2019 and were the lowest in 2017
and 2020, while the never flooded and temporary classes were observed having the opposite
trend. Seasonal wetlands exhibited a different trend and peaked in 2018 which decreased
through to 2020. Vegetated wetlands and open water bodies that were permanently flooded
exhibited the most stable trend over the four years of this study, likely due to the inclusion
of large lakes and rivers in this category.

4. Discussion
4.1. Findings

As identified in Refs. [19,33], most wetlands in Alberta are peatlands which occur
predominantly in the northern part of the province. The results showed that most peatland
areas experienced seasonal inundation, likely in the spring when there are large inputs of
water from melting snow while the ground is still partially frozen [39] and then dry out
over the remainder of the growing season. Peatlands are not typically associated with large
fluctuations in water levels, where bogs, in particular, are characterized by raised Sphagnum
mounds that elevate the surface slightly above the water table [19]. Additionally, bogs
only receive water inputs through precipitation and, thus, do not experience flood pulses.
Alberta has a relatively dry climate and, as such, the amount of precipitation received likely
does not result in bogs exhibiting inundated states frequently. Fens are characterized by
more level ground surfaces that are closer to the water table and hydrologically connected
to other water inputs besides precipitation [1]. In general, graminoid-dominated fens have
a water table close to or above the surface and are often much wetter than shrubby or treed
fens and bogs. The results of this study showed that wetlands within the Cameron Hills and
Caribou Mountains in northwestern and northcentral Alberta exhibited semi-permanent
inundation, even though they are dominated by peatlands. This may partially be the result
of discontinuous permafrost in these environmentally significant areas, where a thinner
active layer keeps the water table closer to the surface [39].
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Mineral wetlands experience greater variability in flooded conditions when comparing
classes. Swamps are generally dry, with the water table falling >20 cm below the surface,
though they can become temporarily inundated for varying amounts of time during certain
periods [1]. The frequency of inundation in swamps is highly variable, occurring once
per year to once every several years. Marshes similarly experience fluctuations in the
water level over daily, seasonal, and annual time scales, and are often associated with
permanent to semi-permanent standing water [1,18]. Shallow water and marsh wetlands
are more common in southern Alberta [19,33,40], with larger deep water bodies occurring
in the north.

Based on the results, relatively small but variable parts of the province’s wetlands
experienced non-flooded conditions in each of the four years. Since the hydroperiod can
be influenced by weather, climate, and disturbance, it is difficult to determine the exact
causes of the non-flooded conditions in each particular area. However, it is noted that
the areas that correspond with never flooded or temporary hydroperiods are generally
situated in proximity to areas undergoing significant disturbance from agriculture and oil
and gas extraction. It has been well documented that human disturbance alters wetland
hydrology [39,41], and oil and gas extraction additionally requires vast quantities of water
affecting regional water regimes [42].

4.2. Limitations and Suggestions

The wetland inventory used in this study to mask vegetated wetlands and open
water had an overall accuracy of approximately 88%. Although this level of accuracy is
relatively high, the map consisted of commission and omission errors between upland and
wetland areas. Therefore, in the produced hydroperiod maps, it is possible that some areas
were misidentified as wetlands and that some wetland areas were excluded. Additionally,
pothole wetlands in southern Alberta are often smaller than 30 m in size and, therefore,
most of them were not captured by Landsat and the inventory. Thus, if a more accurate
wetland map is available in the future, it should be used to mask vegetated wetlands and
open water.

Based on the findings in Ref. [30], the coherence values reported for marshes in Alberta
between May and October 2017 to 2020 fell below the selected coherence threshold value
in this study. Since there were some observed omission errors in the detection of flooded
wetlands, it is probable the hydroperiod maps developed in this study underrepresented
the influence of flooded marshes on the characterization of marsh hydroperiod dynamics.
Marshes, while commonly inundated and having strong double-bounce effects, tend to
decorrelate over short periods of time due to the fluctuations in the water level and rapid
vegetation growth during the growing season [30]. Ref. [30] also found a seasonal effect
on coherence, where vegetated wetlands lost coherence during the summer, which may
introduce other difficulties to detecting flooded conditions and inferring the hydroperiod
over the course of the snow-free period.

As discussed in Section 2.2, the in situ data, which were used for selecting the coher-
ence threshold value, were collected over various types of wetlands. It might be a good
idea to identify different optimum threshold values for various wetland types. However,
this requires a suitable number of flooded /non-flooded in situ data from various wetland
types. Additionally, the selected threshold value was only based on the Canadian wetlands,
and this value should be updated for wetlands in other areas of the world considering the
differences among wetlands in various regions.

Increasing the amount of in situ data would additionally allow for a more robust assess-
ment of the accuracy of the produced flooded /non-flooded maps. The multitude of factors
influencing downstream discharge made it difficult to use discharge to validate the flooded
maps over an entire watershed. Wetland type also influences how a wetland will respond
to precipitation or drying events and likely explains the lack of a clear relationship between
flooded areas and discharge and precipitation in this study. In comparison, Ref. [12] found
a strong positive relationship between coherence-derived flooded area and downstream
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discharge for the Upper Columbia River, British Columbia. However, their study area was
substantially smaller (along an ~17 km stretch of river) and located within a mountain
valley in British Columbia, which has a different hydrological regime to the plains ecozones
found throughout Alberta. The limitations noted for capturing small pothole wetlands and
marshes, which are common in southern Alberta, might have also led to poor relationships
in this region.

The coherence products generated for this study were derived from SAR imagery
collected at the C-band, which has relatively low penetration into vegetation canopies,
such as the forests that characterize the boreal region. In contrast, the L-band (e.g., ALOS),
P-, and S-band (e.g., NISAR) SAR systems emit longer wavelengths, thus having greater
penetration capability and are less affected by surface features that mask relevant details in
coherence products [1,31]. Greater wavelength penetration would promote the increased
detection of flooded conditions from the double-bounce effect and improve estimates of
hydroperiod for forested wetlands. Future studies should investigate the application of
coherence products extracted from L- and P-band SAR data. Future SAR instruments that
provide open-access data, such as NISAR, will facilities these applications.

In this study, coherence products were generated from Sentinel-1 imagery based on
12 day baseline data. As previously discussed, wetlands are highly dynamic landscapes,
where vegetation and water can change over short timescales. While the temporal baseline
used in this study was able to maintain coherence between SAR pairs, producing coher-
ence maps with shorter baselines may reveal additional dynamics and trends in wetland
hydroperiods. Shorter baselines may also improve coherence from marshes, which can
undergo significant changes over short periods of time.

Previous studies [12,17,19] have showed that optical satellites and SAR backscattering
images were effective for hydroperiod analysis. Thus, it is suggested to perform hydrope-
riod analysis using these datasets (e.g., Sentinel-1/2, Landsat-8/9, RADARSAT-2, and
RADARSAT Constellation Mission (RCM)) and compare the results with those obtained
in this study using InSAR coherence data. A combination of these datasets, which would
probably provide better accuracies, would be another study, which could be investigated in
future works.

5. Conclusions

Global coverage of SAR imagery provides a valuable tool for monitoring wetland
change, which can be used in water and resource management. Previous studies have
shown that SAR coherence products can be used to map wetlands, inundation extent,
and water level. In this study, we showed a coherence application for measuring wetland
hydroperiod over a large area covering multiple ecozones in the province of Alberta. While
desirable results were achieved using C-band SAR data, the application of L- or future
P-band systems for hydroperiod mapping will assist in the detection of flooded conditions
especially in forested wetlands due to the increased penetration depth. Moreover, increased
temporal frequency of image acquisitions, such as those collected by RCM, will further
improve hydroperiod characterization of highly dynamic systems, such as marshes. Future
studies should continue to assess the approaches to wetland hydroperiod mapping using
coherence to monitor ongoing changes in these sensitive and important ecosystems.
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