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ABSTRACT:
Continuous flood monitoring can support emergency
response, water management and environmental
monitoring. Optical sensors such as MODIS allow
inundation mapping with high spatial and temporal
resolution (250-1000 m, twice daily) but are affected by
cloud cover. Passive microwave sensors also acquire
observations at high temporal resolution, but coarser
spatial resolution (e.g. ca. 5-70 km for AMSR-E) and
smaller footprints are also affected by cloud and/or rain.
ScanSAR systems allow all-weather monitoring but
require spatial resolution to be traded off against
coverage and/or temporal resolution; e.g. the ENVISAT
ASAR Global Mode observes at ca. 1 km over large
regions about twice a week. The complementary role of
the AMSR-E and ASAR GM data to that of MODIS is
here introduced for three flood events and locations
across Australia. Additional improvements can be made
by integrating digital elevation models and stream flow
gauging data.
1. INTRODUCTION
Remote sensing technology allows flooding to be
monitored through space and time at a consistent level
of accuracy. For most applications, observations need
to be acquired sufficiently frequently to capture critical
flood stages. Optical/infrared, passive microwave and
radar remote sensing instruments have all been used to
map surface water. Optical sensors operate in the
visible, infrared and thermal regions. Microwave and
radar sensors operate in longer wavelengths, from less
than a centimetre up to a metre (or 89 to 0.3 GHz
frequency).
There is considerable literature on how different
wavelengths respond to the presence of free water in the
landscape. For optical imagery infrared wavelengths
are suitable for separating water from land, particularly
around 1.5-1.7 μm [1]. Landsat and similar instruments
have comparatively high spatial resolution (30 m)
allowing small water bodies to be detected. However
such imagery is not collected sufficiently frequently to
support routine flood monitoring. Moderate resolution
instruments such as the Advanced Very High
Resolution Radiometer (AVHRR) and the MODerate
Resolution Imaging Spectroradiometer (MODIS)
acquire observations at daily or sub-daily intervals.
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AVHRR has been used to map water at ca. 1 km with
reasonable success [2]. The two MODIS sensors (on
the AQUA and TERRA satellite respectively) have
higher spatial resolution (250 m in the visible spectrum
and 500 m for near infrared) and together acquire data
twice daily for most of the world. They have also been
used to map surface water (e.g. [3]). A major
disadvantage of optical imagery is that flood events are
often associated with cloud cover. This is the main
reason for exploring the complementary role of passive
and active microwave sensors.
Passive microwave sensors acquire data at a high
temporal frequency (1-2 times daily) with near-global
coverage, but have low spatial resolution. Single bands
have successfully been used for mapping surface water
[4]. Atmospheric water vapour content and temperature
affect the brightness temperature at frequencies of 37
GHz and higher (coinciding with higher spatial
resolution), though these can be avoided to a varying
degree by comparing vertical and horizontal
polarizations, with the exception of precipitating clouds.
An important challenge in using passive microwave to
map surface water is its large spatial footprint (e.g. 5 to
70 km for AMSR-E), hence mixed pixel analysis is
often required to determine the proportion of water
within each flooded pixel [5].
Synthetic Aperture Radar (SAR) systems allow allweather monitoring and can be obtained at much higher
spatial resolution (5–100 m) than passive microwave
observations. They have proven useful in mapping
floods [6] but require spatial resolution to be traded off
against coverage and/or temporal resolution. Most use
for flood mapping to date has been with purposeacquired imagery rather than routine observations. The
ENVISAT ASAR Global Mode (ScanSAR) achieves
moderately high temporal and spatial resolution (about
twice weekly and 1 km, respectively) and has been
proven useful for monitoring wetlands [7], [8]. This
makes this system and possible successors with similar
design, such as SAR systems onboard the future
SENTINEL mission, interesting for evaluation as a part
of continuous flood monitoring system.
It was investigated to what extent the MODIS, AMSR-E
and ASAR GM observations can be used to map flood
extent in an operational context, and what their
comparative advantages and disadvantages are. MODIS

and AMSR-E were selected because of their near-realtime capability for image acquisition over most of the
world’s land mass at a daily frequency. The ASAR GM
selection was motivated by the potentially
complementary characteristics when compared to coarse
resolution AMSR-E. All datasets are freely available
for research. In the absence of on ground streamflow
level or discharge data, remotely sensed inundation
monitoring shows the shape and timing of the seasonal
hydrographs. When on ground measurements are
available, inundated area can be related to discharge,
and in the case of terminal rivers the two can be directly
compared if a DEM is available [9]. Reference [10]
found mapped flooded area was correlated with river
stage, and used it to develop a predictive relationship for
inundation patterns with historical stage records.
2. METHODS
The focus of this study was on the Condamine-Balonne
catchment, which is situated in Southeast Queensland,
Australia (Fig. 1). The area of interest extends south of
the township of St George to the Queensland border.
Flooding mostly occurs due to upstream rainfall events.
Surface water flows in this area are heavily modified,
with water extracted from the river and stored in ring
tanks when there are sufficient flows and used for
irrigation. Flood events occur on a short time frame,
(often days), with the floodplain covering 3800 km2.
This means that at least daily flood estimates are
required at moderate resolution. All three sensors were
used in this analysis. In addition, a large flood event in
the arid interior of southwest Queensland was used to
compare the performance of MODIS and AMSR-E
based mapping and several large lakes in northern
Australia were used to compare the accuracy of MODIS
and ASAR GM mapping (Fig. 1). The advantages and
disadvantages of the respective approaches and
opportunities to combine them are then discussed.
Finally, a comparison between flood volumes estimated
from remote sensing and from on ground gauging was
made for the lower Condamine-Balonne floodplain.
2.1. MODIS processing
To map water in MODIS imagery the Optical Water
Index (OWI) was used [11], defined as:
if
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where Global Vegetation Moisture Index (GVMI) is
calculated as [12]:
(3)

Figure 1. Location of Condamine-Balonne catchment
(shaded region) and the area of interest (blue),
Diamantina floodplain (green), and Northern Territory
lakes (red).
and the Enhanced Vegetation Index (EVI) as [13]:
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reflectances in MODIS bands 1, 2, 3 and 6 respectively.
The OWI removes most of the vegetation water content
effect on GVMI [11]. A sigmoid function was used to
convert OWI to Open Water Likelihood (OWL) as:
(5)
This may be interpreted alternatively as estimated
fraction of water in the pixel, or estimated likelihood
that pixel represents free water [11]. A threshold of
OWI0.2 was applied after trialling.
Daytime 500m reflectance MODIS imagery from Terra
(MOD09A1) and Aqua (MYD09A1) was used,
available for up to two times each day (depending on
swath track). The accompanying MODIS quality band
information was used to mask cloud pixels, and areas
with EVI0.2 were also masked out. Estimation of the
OWL for the remainder of the image produced values
from 0 to 100 per cent. The two MODIS scenes for
each day were combined, such that clouds and null
pixels were replaced by the other scenes if it had real
data. Where there was real data from both overpasses,
the average value was used to reduce variation due to
sun angle and noise.

Since the MODIS data has the highest spatial resolution
and OWL was shown to perform well for mapping
water extent [11], MODIS-OWL are given preference in
an operational context. AMSR-E and ASAR GM,
considered here as backup alternatives due to cloud
cover, are compared against MODIS.

the sub-pixel mis-registration of the MODIS and
AMSR-E images. Pixels containing less than 20% water
were masked as non-water due to confusion with moist
soil and general noise in the data. The final AMSR-E
water product was a combination of all images for the
day that covered any part of the catchment, merged in
the same way as the MODIS derived map.

2.2. AMSR-E processing
The AMSR-E passive microwave instrument [14]
passes over twice a day. The sensor is located on the
same AQUA platform as MODIS.
Brightness
temperature (Tb, K) measured at 37 GHz (horizontal
polarisation) has been used to map surface water, and is
considered to provide a good balance between spatial
resolution and atmospheric interference effects [15].
Alternatively, the difference between vertical and
horizontal polarisations (T) has been used for surface
water mapping ([9], [10]). Reference [16] recommends
the Polarization Ratio instead, defined as:
(6)
where Tbv and Tbh are vertically and horizontally
polarized brightness temperatures respectively. It is
considered less affected by the atmosphere and it is
independent of effective soil temperature.
Since data is collected twice a day the PR was used
here. Following [16] it was applied to the 37 GHz band.
To minimize the effects of rain in the imagery, a rainfall
mask was applied, using emissions at 85 GHz vertical
minus 22 GHz vertical [17]. PR at 37 GHz (PR37) is
still influenced by the proportion of vegetation cover,
particularly complicating the separation between surface
water and bare soil. To help reduce this effect, a ‘desert
correction’ was applied based on a desert mask in [18]:
(7)
Where CPR37 is the corrected PR at 37 GHz, and T18
the polarization difference at 18 GHz. This approach
was used because there appeared to be a near-linear
relationship between PR37 and the T18, and the PR37
was more sensitive to water pixels than T18,
particularly for smaller water features that were more
difficult to detect at 18 GHz due to its larger footprint
(28 x 16 km).
A MODIS-OWL derived flood map was used to
develop a relationship between CPR37 and the
proportion of water within each pixel. For this case
study, a single MODIS image acquired at the same time
as the AMSR-E image was used. It included a large
flood and AMSR-E pixels with up to 100% water cover.
A linear regression equation was calculated to estimate
water proportion (24.3 x CPR37 + 0.010) (R2=0.42,
RMSE=0.0056). The low R2 may have been caused by

Since the AMSR-E pixel was much larger than the
MODIS, and the Condamine-Balonne catchment is
relatively small, a Digital Elevation Model (DEM) was
used to downscale the water fraction within each
AMSR-E pixel. The DEM was derived from 90m
Shuttle Radar Topographic Mission observations [19].
Aliasing was removed and voids filled [20]. Within
each AMSR-E pixel, the average elevation was
subtracted from the individual DEM pixels, thereby
removing large scale topography whilst retaining the
smaller scale relief within the AMSR-E pixel. The
fraction of water within each AMSR-E pixel was then
assigned to the equal fraction of lowest pixels in the
flattened DEM. Effectively, this process ‘floods’ the
DEM within each AMSR-E pixel to achieve the same
percentage of open water as inferred from the AMSR-E
observations. This allows water to move dynamically
through the landscape, filling low points in the
landscape as it reaches them. After this redistribution,
the disaggregated AMSR-E water product was then
resampled to the MODIS pixel size.
2.3. ASAR processing
Georeferenced daily images for southern Queensland,
Australia were obtained from an existing database at
Vienna University of Technology. The ASAR GM data
operational pre-processing chain has been originally
implemented for the purpose of soil moisture
monitoring ([21], [22]). It includes the following basic
SAR processing steps:
1. Automated orthorectification (Georeferencing with
respect to terrain)
2. Radiometric calibration and normalization (effects on
the backscatter due to varying incidence angle are
removed)
3. Resampling to tiles (120*120 km) for efficient time
series analyses.
The data were then combined into georeferenced daily
images for southern Queensland, Australia. The
enhanced lee filter [23] was applied to enhance signal
and reduce speckle in the data. The lower-Balonne
floodplain is a challenging environment for SAR
methods as it has rivers surrounded by vegetation, large
laser levelled and furrowed irrigated cotton fields, large
water storage ring tanks that often contain trees, and
grasslands that are flooded in large events. As a
consequence, it is difficult to develop a simple set of
radar backscatter rules to map flooded areas. To help

understand how ASAR backscatter behaves in this area
with respect to water, the MODIS-OWL data were
resampled and images acquired at the same acquisition
date were compared. To assess the influence of
vegetation on backscatter, the EVI was divided into
values of <0.10, 0.10–0.15 and 0.15–0.20, respectively
(note that higher EVI was masked out in the MODIS
product). In all cases, weak positive relationships
between MODIS-OWL and ASAR backscatter existed
(R2 ranged from 0.12 to 0.17). In areas with flooded
vegetation, the backscatter is expected to increase due to
the ‘double bounce’ effect (radar bounces off the water
surface and is partially scattered back to the sensor by
the vegetation above it). In contrast, open water is
characterized by very low backscatter. Thus, a simple
threshold method can be used for separating open water
from surrounding land [24]. Analysis and comparison
with MODIS observations suggested that -12 dB was an
appropriate threshold to map out large lakes.
Misclassification in some areas (presumably flat and
bare) did occur. To allow for this, an additional
constraint was required. It was found that EVI of <0
provided a suitable additional constraint in these cases.
To monitor water extent with ASAR data in (pseudo-)
operational context the following method was adopted.
Firstly, the most recent EVI for each pixel (sometimes
several days old depending on clouds and null data) was
used to classify each ASAR pixel into the EVI
categories mentioned earlier. For each category the
percentage of water was estimated from ASAR
backscatter values, using the regression equation trained
on the MODIS-OWL for that EVI category.

gaps in the MODIS series with AMSR-E. It is noted that
microwave data are not totally immune to cloud cover,
and precipitating clouds in particular affect higher
frequency data. However, with three independent
overpasses (MODIS Terra ~ 10.30am, MODIS AQUA
and AMSR-E ~ 2pm, AMSR-E ~ 2am) there is better
chance of rain free imagery.
3. RESULTS
3.1. Comparison of MODIS, AMSR-E and ASAR for
the lower Balonne floodplain
The flood extent for a flood event in early 2004 is
shown in Fig. 2a for the ASAR and MODIS, and Fig. 2b
in early 2008 for the AMSR-E and MODIS. ASAR and
MODIS do follow a similar trend through time, but the
ASAR estimated flood extent is 100 to 600 km2 greater
than the MODIS estimate (Fig. 2a).

2.4. Assessment
A visual comparison of the MODIS, AMSR-E and
ASAR open water maps for the same flood event on the
lower-Balonne floodplain was made to assess how well
they perform. In addition, a similar comparison was
made for AMSR-E and ASAR separately against
MODIS derived flood extent captured for two larger
regions in Australia, based on image availability.
AMSR-E and MODIS were compared for the large
floodplain of the inland draining ephemeral Diamantina
River in southwest Queensland (25° 30’S, 141° 00’E).
ASAR and MODIS were compared for a chain of large
lakes (Lake Woods, Lake Tarrabool, Lake Corella) in
monsoonal central Northern Territory (16° 17’S, 134°
30’E) (Fig. 1). The water percentages were grouped into
quintiles and a classification confusion matrix
calculated.
As a further assessment of how well the MODIS and
AMSR-E can be used to inform hydrology in
operational mode, flood extent was combined with the
DEM to produce flood volume. This was done for the
Lower-Balonne floodplain for a flood event in early
2004 (see [25] and [26] for details). The MODIS and
AMSR-E water products were merged, by replacing

Figure 2. Time series of flood extent: (a) for MODIS
and ASAR for the common days in early 2008 and (b)
for MODIS and AMSR for the common days in 2004.
The AMSR-E flood extent also shows a similar trend to
the MODIS with a maximum difference of 400 km2
(Fig. 2b). However, it peaks at a later date than the
MODIS estimates, and flood extent recedes more
slowly.
A visual comparison of ASAR and MODIS is shown in
Fig. 3a-c for the 6th of February 2008 (the peak of the
event in Fig. 2a). The ASAR estimate shows an overall

larger flood area, and a low percentage of water is
shown in some of the water bodies that map as 100%
water in the MODIS pixel. These occur in areas where
the EVI is greater than zero, indicating some vegetation,
but where ASAR backscatter is low (less than -13 dB;
indicative of open water). In these situations the
scattering effects of vegetation appears to be insufficient
to allow detection. The AMSR-E and MODIS flood
extent for the peak of the flood event in 2004 (26th
January) is shown in Fig. 3d-e. While the AMSR-E is
identifying the areas containing the most surface water
well, it does not provide the detail visible in the MODIS
map. When compared to the MODIS map, the method
used to disaggregate water within the AMSR-E pixel
appears to spread the water too widely.
3.2. AMSR-E assessment in Diamantina floodplain
The AMSR-E and MODIS flood extent products were
also compared for a large flood event in the Diamantina
river (Fig. 4). The confusion matrix for quintiles is
provided in Tab. 1. Using the MODIS map as
reference, the AMSR-E image had an overall accuracy
of 75%. Tab. 1 shows the regions of less than 20%
water compare well (89% accuracy) as do the areas of
>80% water (66% accuracy). For the 40-60% class, the
majority of pixels are correctly classified, but not so for
the 20-40% and 60-80% classes.

(c)

3.3. ASAR assessment in Northern Australia
The ASAR and MODIS flood extent products were also
compared for a lake area in Northern Australia (Fig. 5).
The confusion matrix for quintiles is shown in Tab. 2.
The ASAR water extent map had an accuracy of 79%
compared to the MODIS. Like the AMSR-E, the ASAR
water classes that performed best were the 0-20% (80%
accuracy), and the 80-100% class (76% accuracy). The
other ASAR classes were mostly classified as 80-100%
water.
The ASAR detects the main water bodies, as well as a
river system in the top-right corner which is not as
obvious in the MODIS (Fig. 5a). This may be because
the ASAR is detecting wet soil rather than just surface
water. The ASAR is also mapping mixed water pixels
in the left of the image which is not mapped as water for
the MODIS. This region has very little vegetation and
may be moist, causing misclassification with water.
3.4. Calculating flood volume with MODIS and
AMSR-E
Total flood water volume was estimated by combining
flood extent maps with the DEM, and compared with
flow gauge measurements at the floodplain inflow and
outflow points [26] (Fig. 6). Changes in stored volume
are estimated as the inflow and outflow.

Figure 3. Flood extent for the Lower Balonne
Floodplain for: (a) 6th Feb 2008 from ASAR, (b) 6th Feb
2008 from MODIS, and (c) Bands 7, 2, 1 MODIS image
of Lower Balonne Flooplain from 6th Feb 2008 next to
colour scale for (a),(b),(d) and (e). Flood extent for (d)
26th Jan 2004 from AMSR-E, (e) 26th Jan 2004 from
MODIS.

(a)

(b)
(a)

(a)

(b)

(b)
Figure 4. Large flood event for the Diamantina,
showing (a) AMSR-E and (b) MODIS flood extent.

(b)

Table 1. Confusion matrix for the classification of the
AMSR-E map (row) compared to the MODIS map
(column) in Figure 4.
020%
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4060%

6080%
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0-20%
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80100%

89

36
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3
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2
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13

7

1

5

17

12

9

4

1

11
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32

66

8

89

36

14

21

9
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There appears to be a four day lag between the peak of
the
gauged
inflow
measurement
and
the
MODIS/AMSR-E water volume. The timing and
magnitude of the peak of the flood event from the
MODIS/AMSR-E images (just over 300 GL on Jan 25)
coincide well with the net volume calculated from
recorded flow. However, in the flood recession the
MODIS/AMSR-E estimated volume rapidly declines to
about 50 GL, while stored water volume estimated from
flow records remains level at 375 GL. In effect, it would
appear that the stored water leaves the floodplain
without passing the outflow gauge. This is not
unexpected, and may be explained by a combination of
ungauged outflows, infiltration into the soil,
evaporation, and diversion into the many large ring
tanks in the floodplain [26].

Figure 5. Lakes in the Northern Territory (Australia)
used to compare the: (a) MODIS flood extent and the
(b) ASAR flood extent.
Table 2. Confusion matrix for the classification of the
ASAR map (row) compared to the MODIS map
(column) in Figure 5.
020%

2040%

4060%

6080%

80100%

Total

0-20%
2040%
4060%
6080%
80100%

80

5

6

4

4

75

7

4

1

5

5

7

5

5

6

5

7

5

3

10

8

10

8

4

5

75

80

75

76

10

Total

100

100

100

100

100

100

Class

4. DISCUSSION
While the AMSR-E validation (75%) seems only
slightly worse than the ASAR (79%) validation, visual
comparison for the Lower Balonne floodplain does
illustrate the lack of detail that can be derived from the
AMSR-E data due to its large pixel size. Even so, it
was still able to capture the general trend in flood extent
through time. Therefore, the AMSR mapping may still
be of sufficient quality for some applications.

the ASAR method due to the need for training data.
One way to overcome this might be to allow the use of a
low backscatter threshold to flag the likelihood of water,
regardless of the previously measured EVI.
5. CONCLUSIONS

Figure 6. Time series of flood volume calculated from
MODIS/AMSR-E flood extent and DEM, along with
inflow, outflow and net flow volume. The gap in the
MODIS/AMSR-E flood volume is due to there being
precipitating cloud so neither dataset was used [26].
For active microwave to be able to work effectively for
monitoring flood inundation events in complex
environments, such as the lower Balonne catchment,
knowledge about the land cover and land use would
seem to be important, so that the radar backscatter can
be properly interpreted. For the lower-Balonne
catchment, a low backscatter generally occurred in the
irrigated areas which were mapped from MODIS as
having a low proportion of water (generally less than
10%). This may be indicative of a smooth surface
caused by either little vegetation and/or complete
inundation of the vegetation in places. The ring tanks or
irrigated fields which were mapped as greater than 90 %
water from the MODIS usually had a large range of
backscatter values within it. This is most likely because
the ring tanks often contain patches of vegetation
(including trees) left there to reduce wave erosion, while
irrigated crops have furrows to allow the water to flow
between the plants.
The ASAR water area was greater than the MODIS area
(Fig. 5a). This may be due to the confusion of saturated
soil (a condition that can precede or follow inundation)
with actual inundation below vegetation. This also
affects the ability of ASAR to distinguish between
intermediate water fraction categories.
Reference [7] showed that ASAR GM can effectively
map water in wetlands by determining a single
backscatter threshold value in areas where inundation
below vegetation is dominant. Although this approach
may be less effective in a complex and changing
environment such as the Lower-Balonne, a derivative of
this method, in combination with information about land
cover (such as historical EVI data) may allow a rule set
for ASAR surface water mapping to be developed
(although these may be region dependent).
The approach to use EVI followed here has limitations,
since an EVI of greater than 0.2 is automatically masked
as non-water in MODIS data, which is propagated into

This paper demonstrates the use of both optical and
active and passive microwave remote sensing for
mapping flood inundation with the potential for
implementing such methods in an operational context.
While the MODIS method was given preference for
mapping water, the AMSR-E and ASAR GM methods
have complementary characteristics and were assessed
for their abilities to map surface water at a similar
spatial scale during periods of cloud cover. Both
AMSR-E and ASAR performed reasonably well when
compared to MODIS (75% and 79% accuracy,
respectively), however the large pixel size of the
AMSR-E does limit its usefulness for small flood
events, while the simple model used to map water with
ASAR needs further refinement.
A merged
MODIS/AMSR-E inundation data set was integrated
with a DEM to produce flood volume. The results of
this show the remote sensing product is able to detect
increase in stored water volume during the flood event
that is comparable to those inferred from streamflow
gauge data.
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