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ABSTRACT

In flood hazard assessment, little attention has been given to the seasonal observation of freshwater
inundation using Sentinel-1 Synthetic-Aperture Radar (SAR) images in the tropics. To assess these
spatial variations, this study examined the inundation magnitudes and reflectance of riparian flora in
the raining seasons (February-April and September-November) and dry-periods (May-August and
December-January). The inundation areas were determined using an object-oriented classification
algorithm, whilst the merits concerning the lake, riparian vegetation and shoreline were well-defined
using backscatter-coefficient values. Findings indicated that the SAR images are practical to monitor
inundation coverages and discern lake basin specific features such as highland areas, shoreline, water
and riparian-vegetation. Seasonally, inundated sizes were comparatively higher in February (902 sq.
km) and October (700 sqg.km). Backscatter values of inundated parts varied from —16 dB to —19 dB,
whereas those of riparian vegetation were higher in the months of May and August. This study hence
displays a clear-cut correlation between riparian-vegetation, hydrology and climate variables.
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1. Introduction attributable to lack of methodological proficiencies to
extract disaster evidence and dissemination of early
warning messages.

The use of SAR images has proven to be helpful in
assessing the temporal variations of lake behaviours and
vulnerabilities (Bates et al. 2005; Mason et al. 2010). This
SAR technology has a high capability to routinely cap-
ture and store images through clouds and hazy atmo-
spheric conditions like fog, smog, light rain, mist
(Chapman et al. 2015). The SAR satellites also have the
capacity to continuously monitor inundation occur-
rences because they can produce correct, quick and
cost-effective lake inundation sizes that can inform dis-
aster risk managers on damages and losses of property
(Sass et al. 2012; Rahman and Thakur 2018).

However, most studies have applied SAR images in
detecting surface water quality (Irwin et al. 2017) and
investigating lake water fluctuations in intra-months
(Zeng et al. 2017). Little consideration has been ren-
dered to the monitoring of lake inundation extents in
the wet and dry seasons in the tropics especially for the
of small lakes that are illustrated by multifaceted
morphologies and positioned in broad and wide net-

Spatial-temporal variations of lake inundation can cause
hydrological, ecological and economic consequences
(Yang et al. 2018). These can be as an outcome of high-
water stages and wave action (Death, Fuller, and Macklin
2015; Sheng et al. 2016). Lake inundation can also trigger
changes in chemical and morphometric characteristics
such as the death of aquatic life and degradation of shore-
line (Brito et al. 2017). To the adjacent neighbourhoods,
inundated areas might also instigate loss of property and
lives (Nsubuga et al. 2017; Tumusiime and Ageet 2018).
Disaster management activities in the developing
countries are highly skewed concerning emergency
response than preparedness and mitigation (Zhang
and Werner 2015). As a result, the areas vulnerable to
flooding witness loss of aquatic lives, people and live-
stock, destruction of building and farmlands, and reloca-
tion of victims. Therefore, there is a need for studies to
explore the capabilities of using remote sensing data
such as Sentinel-I SAR images in monitoring inundation
during the wet and dry seasons. The challenges hinder-
ing disaster risk preparedness are attributable to inade-

quate information of lake behaviours such as variations
of inundation extents and the hysteretic relationship
with riparian vegetation. This is caused by limited appli-
cation of SAR images in monitoring flood magnitudes

work of permanent and seasonal wetland systems.
Additionally, no published study has generated a pixel-
based upland-shoreline-lake inundation longitudinal
profile using SAR images.
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Examining the extent of inundation and lake mor-
phology is significant in flood risk reduction and imple-
mentation of recovery programmes (Zhang and Werner
2015). The overarching objective of this research was to
monitor the lake inundation extents during the wet and
dry seasons in 2015 using Sentinel-1 SAR images. The
specific objectives of this study were to (i) to develop
a pixel-based upland-shoreline-lake inundation longitu-
dinal profile and (ii) map the lake inundation magni-
tudes using SAR images.

2. Materials and methods
2.1 Description of the study area

The study area is located in the eastern part of Uganda,
East Africa. At water management zonal level, the stu-
died site is found in the Lake Kyoga Water Management
Zone. Within Lake Kyoga basin, the freshwater lakes that
were studied were Lake Bisina and Opeta. The lakes are
placed on the eastern part of Lake Kyoga at an elevation

of 1,032 metres above sea level (Figure 1). Lake Bisina is
found at 01°38'29” N and 033°56'04” E, while Opeta at
01°38'39" N 034°09'25" E is found in the north-eastern
part of Uganda and shadow of Mt. Elgon.

Lake Bisina is a shallow lake that develops and shrinks
depending on rainfall, but in a typical year covers about
150 km? with a mean depth of 3 metres and a maximum
of 5 metres (Gidudu et al. 2011). The key tributaries
contributing significant water inflows to Lake Bisina are
Rivers Lokok and Lokere, while to Lake Opeta is Kelim
River. Lokok and Lokere Rivers originate from the high-
lands found in Karamoja region whereas Kelim origi-
nates from the Mpologoma wetland system.

Topographically, the lakes are situated in an area of
local depression such that any runoff from upstream
areas contributes to lake storage and inundation. The
study area experiences a bimodal rainfall pattern
(Conway et al. 2005). The lakes receive rainfall totals
that range from 850-1500 mm per annum received in
two seasons; February-April and September-November
and dry season between May-August and December-
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Figure 1. Location of lake Bisina and Opeta.



January. The lakes record a mean annual maximum tem-
perature of 31.6°C experienced in January and a mean
minimum of 17°C in October.

The soils of the areas adjacent to both lakes are com-
prised of ferrasols, nitosols and acrisols Lithologically.
Geologically, the lakes lie on the basement complex of
a pre-cambrian rock that includes granites, mignalites,
gneiss, schists and quartzites. The upland vegetation is
mainly made of savannah characterized by woodlands,
grass, bushes and riparian.

The shallow freshwater lakes are surrounded by a vast
and thin strip of fringing papyrus swamps (Wanda et al.
2011) and an extensive swamp of Vossia cuspidate to the
east and south graduating into dry hyparrhenia grassland
savannas (Amaniga Ruhanga and lyango 2010). The lakes
are connected with a fringing papyrus stretch which is
approximately 9.7 km. The majority of riparian vegetation
species in both lakes is submerged, and the rest floating-
leafed plants. Nymphaea caerulea is far the most prevalent
floating-leaf plant while Najas horrida was the most preva-
lent submersed plant followed by Ceratophyllum demersum
and Potamogeton schweinfurthii (Gidudu et al. 2011). Water
depths, altitude, and rainfall are the most critical environ-
mental variables that influence vegetation distribution and
species assemblages in the Lakes Opeta and Bisina
(Ssegawa et al. 2004).

2.2 Cross-sectional profile of Lake Opeta and Bisina

The Shuttle Radar Topography Mission (SRTM) Digital
Elevation Model of 30 m spatial resolution was acquired,
pre-processed and used to create the profile (stack pro-
file tool) in ArcGIS software version 10.3. Figure 2 shows
that lakes share the same bottom elevation ranges. The
lakes are separated by undulating depressions with peak
elevations that are filled with water and riparian floating
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vegetation on the surface. The generated profile spans
45,000 m across the studied lakes.

2.3 Data acquisition of Sentinel-1 SAR images

SENTINEL-1 SAR multi-temporal images (C-band) were
acquired from the Sentinel Scientific Data Hub (https://
scihub.esa.int/dhus/) distributed by the European Space
Agency. The images were defined by an Interferometric
Wide Swath (IW) Mode features 5 x 20-metre spatial reso-
lution and a 250 km (160 mi) swath.

This study interpreted the available and complete
scene images of 2015 captured during the wet and dry
seasons experienced by the area of study (Table 1). The
SAR images were preferred for detecting the extent of
lake inundation and its associated riparian vegetation
because the images are available and freely accessible
for downloading and interpretation. The 12-day revisit
time is moderate to monitor inundation extents and
associated lake dynamics.

Sentinel series represent the devoted space segment
of the Global Monitoring Environment and Security
(GMES) European programme. SENTINEL-1 is a C-band
imaging Synthetic Aperture Radar (SAR) mission com-
prising a pair of satellites aimed at providing an all-
weather (day and night) supply of imagery for GMES
user services (Regan et al. 2010).

The SENTINEL-1 constellation provides high reliabil-
ity, improved revisit time, geographical coverage and
rapid data dissemination to support operational appli-
cations in the priority areas of marine and land mon-
itoring, and emergency services (Torres et al. 2012).
More details on satellite description, instrument pay-
load, data products and application are described by
Potin et al. (2012) and SENTINEL-1 User Handbook
(2013).
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Figure 2. River channel cross-sectional profile from lake Bisina to Opeta (Shuttle Radar Topography Mission (SRTM) digital elevation

model of 30 m).
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Figure 3. Pixel and segment assessment (a) shoreline and (b) open water.

2.4 Data processing

The SENTINEL-1 SAR images were pre-processed using the
SENTINEL-1 toolbox (S1TBX). The toolbox consists of
a collection of processing tools, data product readers
and writers and a display and analysis application to sup-
port the large achieve of data from European Space
Agency - SAR missions including SENTINEL-1, ERS-1 and
2 and ENVISAT, as well as third-party SAR data from ALOS
PALSAR, TerraSAR-X, COSMO-SkyMed and RADARSAT-2
(Snoeij et al. 2009) . The downloaded image scenes were
geometrically corrected using the terrain data with Range-
Doppler terrain correction. The correction was based on
an SRTM 3 Sec digital elevation model which was auto-
matically downloaded and resampled using bilinear inter-
polation whereas the images were resampled using the
nearest neighbourhood. These were geocoded to WGS
84/UTM zone 36 N at 10 m pixel spacing. The digital
elevation model was used to remove the terrain-induced
geometric distortions.

Subsets of corrected images were created from
defined subsets covering approximate areas that are
inundated by both Lake Bisina and Opeta. The subsets
were created to improve rendering, pre-processing and
processing efficiency. The SAR images were radiometri-
cally calibrated to improve the Sigma output bands
because the quality of the images is affected by terrain
undulations (Loew and Mauser 2007). This was also vital
for the derivation of mean backscatter coefficients (0)
from the inundated, shoreline and fringing vegetation.

The scenes were filtered using a single product
speckle filter (mean 3 x 3) method. The filter has a kernel
size of 3 x 3 pixels and yields a speckle reduced image.
This was applied to reduce the high-frequency noise that
results from many randomly distributed point scatterers
in a resolution cell (Martinis et al. 2015).

2.5 Lake inundation mapping

The extent of the water body and emergent riparian
vegetation can be assessed by the SAR C-band (Bartsch
et al. 2012). The pre-processed SAR images were classified
using an image segmentation algorithm (mean shift) in
Envi software 4.5. This procedure controls the shape and
size of polygons upon tile portioning of images. Defined
lake segments were selected and extracted for collation
and validation (Figure 3). The segmented flood and shore-
line areas were validated in the field following a visual
inspection to assess their locational accuracy (Zhang et al.
2008). The extracted segments were matched with field
locational data to assess how well the observed lake
extents were representative.

2.6 Backscatter coefficient assessment

Backscatter coefficient assessment was performed to
determine the distinction between the lake, riparian
vegetation and shoreline using image digital numbers
that were converted into backscatter coefficients (s°) for



Acquisition dates
2015-03-24; 2015-03-14; 2015-09-08

2015-05-1; 2015-05-11; 2015-04-07;
2015-10-02; 2015-10-16; 2015-10-26

2015-08-15; 2015-08-29

2015-06-4

Year
2015
2015

Season
Dry

Wet

Specifications
Instrument: SAR-C

Mode: IW
Acquisition Type: NOMINAL

Cycle number: 61

Format: SAFE
Pass direction: DESCENDING

Polarization: VV

Satellite
Sentinel-1

Table 1. Specifications of acquired SENTINEL-1 SAR images for the year 2015.

ANNALS OF GIS 195

absolute comparisons of polarizations of the backscat-
tering behaviour (Williams et al. 2014). This is repre-
sented by the standard equation:

o = 10l0g;o[a>(DN**~ o1 N,))] = dB

The backscatter value ranges were used to interpret the
lake seasonal inundation, riparian vegetation and shore-
line variations. The same parameters were assessed dur-
ing both the rainy and dry seasons to accurately
determine their locations, reflectance, extents and qua-
lify the capabilities of SAR images.

2.7 Image performance assessment

The SAR image abilities were examined using
mapped inundation extents in relation to field obser-
vations with the help of handheld Global Positioning
Systems in areas of reach. A total of 302 positional
locations were mapped from the referenced lake-
shore to the endpoint of the flood extent. In addition,
to confirm the potential of images in representing
water bodies and shoreline, a Shuttle Radar Topogra
phy Mission (SRTM) data was acquired and used. The
overall image classification accuracy obtained in the
dry season was 83% while in the wet season was 88%
(Table 2).
The SRTM Water Body Data published on 1 February
2002 was acquired (http://earthexplorer.usgs.gov/) and
superimposed with the segmented lake and inundation
extents. This data facilitated the identification of water
bodies and the delineation of shorelines in each 1 x 1 cell.
Furthermore, a land cover water layer was also obtained
from the Ministry of Water and Environment for the year
2010 to support the identification of water bodies in image
mosaics through overlays in the classification process
(Slater et al. 2006; Bartsch et al. 2009).

Mission type: Earth observation
NSSDC identifier: 0000-000A
Operator: European Space Agency

3. Results

oduct class description: SAR
oduct composition: Slice

oduct level: L1
Start relative orbit number: 50

Status: ARCHIVED
Stop relative orbit number: 50

oduct class: S

oduct type: SLC

ce number: 3
Azimuth spacing: 9.9 m
Radar frequency: 5.4 MHz

Pl = S i

3.1 Pixed-based upland-shoreline-lake inundation
longitudinal profiling

P
P
p
p
p
S

This result revealed that the lakes were seasonally inun-
dated in space and time. From the image pixels exam-
ined, upland areas had relatively higher pixel values than
the lake shoreline and water body (Figure 4). The upland
areas and shoreline had a relatively higher peak of the
longitudinal profile than the inundated area. This finding
further shows that within the inundated area, the profile
variations were attributable to the interactions between
riparian vegetation and water.
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Table 2. Image classification accuracy assessment in dry and wet season seasons.

Parameters Lake Riparian Vegetation Shoreline Upland areas
Dry season

Lake 68 2 0 6
Riparian Vegetation 5 62 1 4
Shoreline 5 3 61 3
Upland areas 7 6 6 63
User accuracy 80 84.93 89.71 82.89
Overall accuracy % 83.1

Kapa statistics 0.79

Wet season

Lake 77 5 3 1
Riparian Vegetation 5 68 1 8
Shoreline 0 3 60 3
Upland areas 4 4 3 57
User accuracy 89.53 85 89.55 82.61
Overall accuracy % 88.8

Kapa statistics 0.82

300
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200

—@— Transect across segment

150

Number of pixels

100

50

Number

Figure 4. Pixel and segment-based inundation and shoreline monitoring.

3.2 Lake inundation and riparian vegetation
assessment

Within the backscatter value ranges, the lake had lower
values during the first rainy season (February-April) than
in the second wet season (September-November). The
flooded areas posted backscatter values ranging from
—16 and —19 dB, while in the dry season the values were
between —15 and -1 dB (Figure 5).

This study further reveals a high receding of flood-
waters in the month of May from the last intensive rains
until September when the lake inundates again. The
December-January dry season seemed not to have

a significant impact on the reduction of inundation
extents as compared to the second dry season (May-
August). The same backscatter values were used to inter-
pret the variations in riparian fringing vegetation.

The reflectance of riparian vegetation was moderately
higher in the dry season especially in the months of May
and August compared to the rainy months. The dry sea-
son played a significant role in the increment and distri-
bution of riparian vegetation magnitudes. However, it is
only the second wet season (September-November)
which experiences a rise in the size of riparian vegetation.
As per the plotted backscatter values, the difference
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Figure 5. Backscatter of seasonal variations of lake inundation and riparian vegetation.

between inundated areas and riparian fringing vegetation
was —5 dB.

3.3 Mapping of lake inundation extent

In the studied period, the highest extents of lake inunda-
tion were basically experienced in both rainy seasons i.e.
February-April and September-November (Figure 6).
Figure 7 shows the seasonal extents of lake inundation
for the months of August (bottom) and October (top)
2015. Within these assessments, the highest inundation
size mapped was experienced in the first rainy season
(February-April) with the peak in the month of February
(902 sq.km); while in the second wet season (September-
November), the largest flood extent recorded was 700
sq.km experienced in the month of October. The

magnitude of fringing vegetation was higher in the
first dry season (May-August) than in the second dry
season (December-January).

4. Discussion

This study on a local area is described with small fresh-
water lakes and frequent floods. Understanding recur-
rent lake inundation disparities is of global importance
for practitioners to take advantage of exploiting satellite
images in the zoning of disasters and dissemination of
early warning information.

The first result of this study is hinged on the capacity
to use SAR image pixel values to develop transects that
can be used in examining synergies between upland
areas and water bodies in inundation monitoring. The

1000

Wet season Dry season

Wet season

B Inundation extent

W Vegetation (fringing/shoreline)

500 -

Area (sq.km)

200 -

100 -

13/1/2015 6/2/2015 16/2/2015 1/5/2015

Figure 6. Seasonal lake inundation extents.
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Figure 7. Seasonal lake inundation extents for the months of August (bottom) and October (top) 2015.

developed profile was defined by a decreasing trend
from upland areas to places with fringing vegetation,
though it finally declines in the water body. This finding
could be caused by high absorption of water and reflec-
tance of the emitted radiation by riparian fringing vege-
tation and upland areas. This might have been expected
but the usability of pixel values in investigating profiles
of lacustrine wetlands and lakes located in floodplain
areas is re-affirmed.

The second key result of this study is that within the
backscatter value ranges, Lake water values recorded
were slightly lower during the first rainy season
(February-April) than in the second season (September-
October). The first rainy period experiences higher con-
centrations of riparian fringing vegetation and chloro-
phyll in the water that absorbs more radiation. The
prolonged dry season (May-August) facilitates coloniza-
tion of riparian vegetation due to high temperatures,



wave action and prevalence of strong winds on the lakes.
The December-January dry season seems not to have
a significant impact on the reduction of inundation
extents as compared to the second dry season (May-
August). This is so especially because the lakes are sur-
rounded by a broad and wide network of permanent and
seasonal wetland systems that have regulated flow into
the lakes. In addition, the study shows that riparian vege-
tation is highly sensitive to hydrological regimes which
are in consonance with Nones and Varrani (2016). The
reflectance of riparian vegetation was moderately higher
in the dry season especially in the months of May and
August. This finding could be attributed to high coloniza-
tion of water bodies by the invasion of exotic water
weeds and high availability of nitrogen. However, it is
worthy to note that the riparian vegetation could increase
subsurface water storage due to reduced evapotranspira-
tion that also improved the productivity of the lake.

The third key result of this research is that within
these assessments, the highest inundation size mapped
was experienced in the first rainy season (February-
April) with the peak seen in the month of February;
while in the second rainy period, the largest flood extent
recorded was experienced in the month of October. This
finding was expected primarily because the study
receives high and longer rains in the first rainy season.

However, the extents of inundation of studied fresh-
water lakes had not been quantified before. This study
clearly demonstrates the capabilities of using SAR
images in quantifying inundation areas, monitoring of
riparian fringing vegetation and shoreline in freshwater
lakes. This finding can guide policymakers in the alloca-
tion and distribution of resources meant for disaster risk
reduction, recovery and water resources management at
the lake basin scale.

5. Conclusion

This study demonstrates the abilities to use SAR image
pixel values to develop transects that can be used in
examining synergies between upland areas and water
bodies in disaster monitoring. This research proves sub-
stantial evidence that SAR C-band images are appropri-
ate in flood mapping exercises and monitoring riparian
vegetation in inaccessible areas. The areas inundated
had backscatter values ranging from -16 dB and
—19 dB. The backscatter difference between inundated
areas and riparian vegetation was —5 dB. This is due to
the high presence of riparian vegetation on the lakes.
This finding is also important in monitoring the presence
of riparian vegetation, its growth and implications on
water resources and survival of aquatic life. The highest
inundation extent mapped was experienced in February
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and October. This study also reveals that there is
a complex relationship between riparian vegetation,
hydrology and climate variables. The utilized mapping
procedure of segmentation is rigorous and can be used
widely to monitor inundation extents; it shows high
contrasts between water, vegetation and land surfaces.
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