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a  b  s  t  r  a  c  t

Flood  inundation  is  crucial  to the  survival  and prosperity  of  flora  and  fauna  communities  in floodplain
and  wetland  ecosystems.  This  study  tried  to map  flood  inundation  characteristics  in  the  Murray-Darling
Basin,  Australia,  utilizing  hydrological  and  remotely  sensed  data. It integrated  river  flow  time  series  and
Moderate  Resolution  Imaging  Spectroradiometer  (MODIS)  images  to map  inundation  dynamics  over  the
study area  on  both  temporal  and  spatial  dimensions.  Flow  data  were  analyzed  to  derive flow  peaks  and
Annual  Exceedance  Probabilities  (AEPs)  using  the  annual  flood  series  method.  The  peaks  were  linked
ODIS
WL

nundation frequency
nundation probability

with  MODIS  images  for  inundation  detection.  Ten  annual  maximum  inundation  maps  were  generated
for  water  years  2001–2010,  which  were  then  overlaid  to  derive  an  inundation  frequency  map.  AEPs  were
also  combined  with  the  annual  maximum  inundation  maps  to derive  an  inundation  probability  map.  The
resultant  maps  revealed  spatial  and temporal  patterns  of flood  inundation  in  the  basin,  which  will  benefit
ecological  and environmental  studies  when  considering  response  of  floodplain  and  wetland  ecosystems

to  flood  inundation.

. Introduction

Floods are important water sources for many riparian plants in
rid and semi-arid regions to survive and flourish. They particularly
lay a critical role in sustaining ecosystems in river corridors and in
aintaining biodiversity of floodplains and wetlands (APFM, 2006).

eriodic flooding is essential to the well-being of flora and fauna
ommunities along the rivers and around the lakes, whose living
onditions are closely related to flood inundation characteristics
uch as extent and frequency. Therefore, mapping flood inundation
t both spatial and temporal scales is helpful for monitoring the
ustainability of ecosystems.

In situ gauge data are the backbone of the current understand-
ng of surface water dynamics (Alsdorf et al., 2007), and have been
ssential for fundamental flood research. Although river discharge
ata have been used for flood frequency analysis in many studies

Saf, 2009; Shi et al., 2010; Seckin et al., 2011), and have strengths in
uantifying the temporal pattern of water movement (discharge)
ithin river and stream channels, they provide comparatively little
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information about the spatial dynamics of surface water extent in
floodplains and wetlands during periods of flood inundation (Papa
et al., 2008). Research needs have been requiring a move beyond the
point-based observations provided by gauges to basin-wide mea-
surements of water distributions (Alsdorf and Lettenmaier, 2003).
Several studies (Frank et al., 2001; Dutta et al., 2007; Bates et al.,
2010) have used hydraulic models to estimate the dynamics of sur-
face water for small areas based on observed gauge data. Some also
have developed hydrodynamic models to map flood inundation
at large scale or even global scale (Paz et al., 2011; Wilson et al.,
2007; Yamazaki et al., 2011; Pappenberger et al., 2012; Westerhoff
et al., 2013; Neal et al., 2012) using low resolution digital eleva-
tion models (DEMs). However, difficulties in modeling inundation
across large areas may  be encountered due to data scarcity and the
complexity of establishing spatial connections between main chan-
nel and floodplain. In addition, the computational cost is high for
fine time step or long term period analysis. Remote sensing tech-
niques have demonstrated advanced capabilities to map surface
water features and to monitor surface water dynamics (Ji et al.,
2009). They have been combined with hydraulic models using
assimilation methods to map  inundation dynamics in a few studies
(Giustarini et al., 2011; Mason et al., 2012; Garcia-Pintado et al.,
2013). Inundation extent derived from remote sensing has been

proven to be closely correlated with ground measurements of river
discharge (Smith et al., 1996; Vorosmarty et al., 1996; Smith, 1997;
Benke et al., 2000; Frazier et al., 2003; Overton, 2005; Frazier and
Page, 2009). These studies suggest that the combination of gauge
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bservations and remotely sensed detection could offer a practi-
al way to map  spatial and temporal inundation dynamics in broad
reas such as large river basins.

There are generally two types of remote sensors that are suitable
or inundation detection, microwave sensors and optical sensors.

icrowave sensors such as Synthetic Aperture Radar (SAR; Matgen
t al., 2007; Di Baldassarre et al., 2011) have been proven to be
seful in mapping flood under all weather conditions as they can
enetrate clouds. Images from optical remote sensors, such as
andsat Multispectral Scanner (MSS), Thematic Mapper/Enhanced
hematic Mapper Plus (TM/ETM+; Rango and Salomonson, 1974;
havsar, 1984; Wang et al., 2002) and SPOT (Blasco et al., 1992),
re more common and more easily acquired. Other relatively coarse
esolution images have also been used in classifying flooded areas,
uch as Advanced Very High Resolution Radiometer (AVHRR; Islam
nd Sado, 2000a,b) and Moderate Resolution Imaging Spectrora-
iometer (MODIS; Islam et al., 2010; Kwak et al., 2011; Brakenridge,
013; Chen et al., 2013). Although these images have lower spatial
esolutions and are frequently contaminated by cloud cover, their
erit lies in their higher temporal resolutions (Huang et al., 2013).

hese qualities make them well-suited to spatio-temporal analysis
n flood inundation for large river basins (Gumbricht et al., 2004;
akamoto et al., 2007; Westra and De Wulf, 2009; Li et al., 2011;
uang et al., 2012a,b).

For optical sensors such as MODIS, the basis for open water
elineation is to make use of their infrared bands, because these
ands are strongly absorbed by water while highly reflected by
egetation and dry soils. Density slicing or image classification
ethods are commonly applied on these bands to extract water

odies. Indices have been derived to enhance the spectral dif-
erence between water and non-water for better discrimination,
uch as the Normalized Difference Water Index (NDWI; Gao, 1996;
cFeeters, 1996; Hui et al., 2008) and the modified NDWI (mNDWI;
u, 2006; Ordoyne and Friedl, 2008; Chen et al., 2012b; Michishita
t al., 2012). A threshold of 0 is generally used to delineate water
odies. However, it is believed that manual adjustment on the
hreshold is always needed to achieve more accurate results (Ji
t al., 2009). Guerschman et al. (2011) introduced the Open Water
ikelihood (OWL) algorithm for estimating standing water from
ODIS images. The OWL  was developed by investigating the spec-

ral properties of open water. It was found that the OWL  provides
 more accurate representation of inundation throughout the time
eries of images comparing with the other indices such as NDWI
r mNDWI  (Guerschman et al., 2011). Its performance has been
ested in the Australia continent (Guerschman et al., 2011; Chen
t al., 2011; Overton et al., 2011; Chen et al., 2012a,b, 2013; Huang
t al., 2012a).

Remote sensing has been applied in many flood related
esearches for decades (Rango and Salomonson, 1974; Bhavsar,
984; Blasco et al., 1992; Islam and Sado, 2000a; Islam et al., 2010).
here are several pioneer studies that have attempted to map  spa-
ial and temporal variations of flood inundation. Sakamoto et al.
2007) investigated the temporal changes in annual flood inun-
ation extent within the Mekong Delta using MODIS time-series

magery. Islam et al. (2010) studied spatio-temporal variations of
nundation extent in 2004 and 2007 in Bangladesh. Pulvirenti et al.
2011) employed multi-temporal radar images to map  flood inun-
ation dynamics in Northern Italy. Thomas et al. (2011) mapped
ood inundation frequency in the Macquarie Marshes of Australia
ver 28 years using Landsat images. However, these investigations
xamined time-series images without considering hydrological
ata which could make research outcomes more explicit and useful

o eco-hydrological studies.

The aim of this study is to develop a methodology that can be
sed to map  spatial and temporal dynamics of flood inundation
y integrating MODIS images and observed daily flow data. The
servation and Geoinformation 26 (2014) 350–362 351

main objectives of this study are, (1) to extract annual maximum
inundation extents for revealing the maximum extent inundated in
each water year; (2) to map  flood inundation frequency to demon-
strate how often an area was  inundated historically; and (3) to
derive a flood probability map  to indicate how likely an area may
be inundated in the future.

2. Study area and data

2.1. Study area

The Murray-Darling Basin (hereinafter referred to as the Basin)
is Australia’s largest river basin. Within the basin, 17 large and
complex floodplain wetland systems have been identified which
are associated with relatively large perennial or intermittent rivers
(Rogers and Ralph, 2010). Altogether, the floodplain wetlands are
very extensive, covering 6% of the Basin and accounting for over
95% of all wetland areas within the inland catchments of Australia
(Kingsford et al., 2004). Most rivers in the Basin run from temper-
ate uplands on the southern and eastern margins, and drain inland
toward increasingly low elevation and low relief (lowland), semi-
arid to arid (dryland) depositional settings (Thoms and Sheldon,
2000; Ward et al., 2002). The wetlands in the Basin are impor-
tant for many water dependent ecosystems, which require specific
seasonal and inter-year flooding regimes to maintain ecological
function.

There is a wide range of climate conditions in the Basin includ-
ing a strong east-west rainfall gradient and a strong north-west to
south-east temperature gradient. Rainfall is summer dominated in
the north and winter dominated in the south. Rainfall varies con-
siderably between years in the north-west and less so toward the
south-west. Average annual rainfall from 1895 to 2006 across the
Basin is 475 mm.  Average annual potential evapotranspiration is
about 1440 mm,  which is more than three times the average annual
rainfall (CSIRO, 2008). Therefore, water is a valuable resource
within the Basin.

Three of the largest rivers in the Basin are the Murray River,
the Darling River and the Murrumbidgee River. Usually, the Basin
is considered as two parts with a northern region covering the
drainage area of the Darling River, and a southern region includ-
ing the drainage area of the Murray River, the Murrumbidgee River
and the river basin below the confluence of the Darling River. The
northern region contains many important wetlands, such as the
Macquarie Marshes, the Gwydir wetlands, the Narran Lakes and
the Paroo wetlands, while the southern region includes Chowilla
floodplains and Lindsay-Wallpolla Islands, the Banrock wetlands
and the Coorong, Lower Lakes and the Murray Mouth. Many of these
wetland and lake systems require sufficient flood peaks from river
channel to fill with water, which often has inter-year variability in
occurrence.

The river networks and terrain of the Basin are complex, which
makes the flood water dynamic quite variable across the Basin. To
reflect the spatial variation in flood pulses and decrease time-lags
between flow and inundation, Overton et al. (2011) (revised by
Chen et al. (2012a)) mapped the Basin into small zones based on
ecological and hydrological rules. Within each zone, the extent of
floodplain inundation is linked to their associated rivers and inun-
dation time-lags from flow are reduced. In this study, the 95 zones
mapped by Chen et al. (2012a) were adopted. 47 of these zones are
in the northern part of the Basin, and 48 in the southern. Fiver zones
were excluded in this study because of lack of flow data (Fig. 1). Two

sites, Narran Lakes in zone 95 and Chowilla Floodplain in zone 88,
were selected from the important wetlands in the north and south
of the Basin respectively, to demonstrate the inundation detection
and evaluation method.
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ig. 1. Study area in eco-hydrological zones showing the delineation between th
emonstration sites.

.2. Materials

.2.1. Flow data
Observed gauge flow data were collected to define peak flows

as daily discharge in Giga Liters per day (GL/day)). Gauges were
elected based on the availability and length of the flow data record
o acquire at least one series of daily flow data to best represent the
ow for each zone (Overton et al., 2009). Locations of all selected
auges are shown in Fig. 1. Historical flow data were extracted from
he data collected by Overton et al. (2011) and Chen et al. (2012a),
hich are dated back to 1/1/1982. Thus, gauges have a record of

8 complete water years (from water year 1983 to 2010), as in
ustralia, water year is defined as from the 1st July of the preced-

ng year to the 30th June of the current year. After checking with
he flow data, there are four zones that have no related observed
auges, and one zone has observer flow data with too many miss-
ng records. Hence, these zones were excluded from the study area
Fig. 1).

.2.2. Remotely sensed imagery
MODIS images were used for inundation detection and Landsat

M/ETM+ for evaluating the accuracy of MODIS. The MODIS data
re distributed through the online Data Pool at the NASA Land Pro-
esses Distributed Active Archive Center (LP DAAC), USGS/Earth
esources Observation and Science (EROS) Center, Sioux Falls,

outh Dakota. In this study, time series images of MODIS Terra
roduct “MOD09A1” from year 2000 to 2010 were used. These

mages are 8-day composite data at a 500 m resolution. Composit-
ng involves compiling daily images over an eight-day period and
hern and southern regions, the boundaries of 95 zones, the major rivers and the

selecting pixels of the highest quality based on a combination of
low view angle, the absence of clouds or cloud shadow, and aerosol
loading (USGS, 2012). In general, this process reduces interference
from cloud cover and sensor aberrations, resulting in improved
image quality, but the trade-offs are the possibility of missing inun-
dation caused by rapid-changing flood events. Landsat TM/ETM+
images at 30 m resolution were acquired from USGS/EROS Center
(USGS, 2011). One image for each demonstration site (Fig. 1) was
acquired for evaluation of detected inundation extent on MODIS
images.

3. Methodology

This study integrates hydrological observation data and
remotely sensed data to map  the spatial and temporal dynamics
of flood inundation. The methodology consists of four components
(Fig. 2), (1) flow data analysis to extract flow peaks and Annual
Exceedance Probabilities (AEPs); (2) inundation detection using
OWL  on selected MODIS images based on flow peaks; (3) inunda-
tion evaluation using mNDWI  on Landsat TM/ETM+ images; and
(4) inundation mapping of annual maximum inundation, flood
inundation frequency and flood probability. This method was
implemented with Python scripting.

3.1. Flow data analysis
A flow peak is defined as the maximum volume flow rate pass-
ing the observed gauge. River floods are generally caused by flow
peaks. Therefore, the analysis on flow peaks is also called flood
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Fig. 2. Flowchart of methodo

requency analysis. Flood frequency analysis was conducted using
nnual flood series method in this study because it retains only
he largest peak for each year (Page and McElroy, 1981), which
nsured that all gauges have a least one peak in each single water
ear for annual inundation analysis. An annual flood is defined as
he highest peak discharge in a water year.

Fig. 3 shows the daily flow for Chowilla demonstration site
sing gauge A4260200. Peaks derived with the annual flood series
ethod are displayed as the red diamonds. Of these, only those

f water year 2001–2010 were used to link MODIS images in this
tudy because of the availability of MODIS data.

AEPs could also be derived along with the flow peaks using the

nnual flood series method. AEP is the probability that a flood (flow
eak) of a given size or larger will occur in any one year. AEPs
ould be calculated using one of the various plotting position mod-
ls that have been proposed in the last decades (Gringorten, 1963;

Fig. 3. Flow data and peaks of gauge A426
howing its four components.

Cunnane, 1978; Kim et al., 2012). Basically, there is little difference
between all these models if the sample size is large enough. Sev-
eral studies have recommended Gringorten’s model (Gringorten,
1963) as a suitable formula for the Gumbel distribution (Cunnane,
1978; Guo, 1990). This distribution is useful in predicting the
chance that an extreme earthquake, flood or other natural disaster
will occur. Assuming that flow peaks obey the Gumbel distribu-
tion, the Gringorten’s model was thus adopted in this study. It is
shown as

AEP = r − 0.44
N + 0.12

(1)
where AEP is the annual exceedance probability; r is the rank of
the annual flow peaks from largest to smallest; N is the number of
years for the record length.

0200 from water year 1983 to 2010.
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F  (b) inundation map  with a threshold = 1 (OWL > 1) of Narran Lakes; (c) Color composite
( hold = 1 (OWL > 1) of Chowilla.
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Table 1
Peaks and their annual exceedance probabilities (AEPs) of gauge A4260200.

Water year Rank Peak discharge (GL/day) AEP (%)

1983 25 7.1 87.3
1984 6 68.7 19.8
1985 7 68.3 23.3
1986 15 20.8 51.8
1987 12 44.0 41.1
1988 14 34.6 48.2
1989 10 51.0 34.0
1990 4 85.2 12.7
1991 2 103.5 5.5
1992 11 50.7 37.6
1993 3 95.7 9.1
1994 1 109.9 2.0
1995 24 7.5 83.8
1996 8 65.5 26.9
1997 5 75.7 16.2
1998 17 13.7 58.9
1999 13 34.7 44.7
2000 20 11.6 69.6
2001 9 63.4 30.4
2002 19 12.7 66.0
2003 26 7.1 90.9
2004 18 13.3 62.4
2005 23 7.9 80.2
2006 16 14.6 55.3
ig. 4. (a) Color composite (R7G2B4) MODIS image (22/03/2010) of Narran Lakes;
R7G2B4) MODIS image (10/12/2000) of Chowilla; (d) inundation map  with a thres

For gauge A4260200, the number of years for the available
ecord length was 28. The AEPs of these peaks are listed in Table 1.

.2. Inundation detection

Inundation detection was achieved using MODIS imagery where
he flood inundation estimated from a single image is an instanta-
eous inundation condition. Since a flood event has duration, the

nundation extracted by a single image rarely represents the maxi-
um flood extent. Also, the timing of the flood peak in relation to its

ccurrence in the MODIS image is going to be offset by the relative
auge position within the catchment, where a zone with a gauge
n the upstream section would likely have a delay between a flow
nd a subsequent inundation extent compared to a zone with an
nd-of-valley gauge which would have the corresponding inunda-
ion occurring before the flow was recorded in the gauge (Overton
t al., 2009). Considering the flood duration and time lag between
he gauge flow and inundation, seven images (i.e. 56-day period)
ere selected corresponding to a flow peak, with the date of the
iddle image closest to the peak date at the gauge.
The OWL  algorithm (Guerschman et al., 2011) was adopted to

ap  inundation on selected MODIS imagery (Fig. 4(a) and (c)).
t was derived using a nonlinear logistic regression model which
onsists of five water-sensitive parameters. These are two  Short-

ave Infrared (SWIR) bands, the Normalized Difference Vegetation
ndex (NDVI; Townshend and Justice, 1986), the Normalized Dif-

erence Water Index (NDWI; Gao, 1996) and the Multi-resolution
alley Bottom Flatness (MrVBF; Gallant and Dowling, 2003). It has
een calibrated and optimized by Guerschman et al. (2011) based
n its performance in the Australia continent. They reported that,

2007 27 6.6 94.5
2008 22 8.1 76.7
2009 28 5.2 98.0
2010 21 8.7 73.1
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Table  2
MODIS and Landsat TM/ETM+ images (subsets) used for evaluation.

Site Date of max  flow Date of MODIS Inundation
map  of MODIS

Landsat sensor Date of TM/ETM+ Threshold for
mNDWI

Inundation map
of TM/ETM+

TM 
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Narran 02/04/2010 22/03/2010 Fig. 4(b) 

Chowilla 11/12/2000 10/12/2000 Fig. 4(d) 

lthough it overestimated the amount of surface water in shaded
lopes and also misclassified black soils as open water, it showed
oherent patterns of inundation across the Murray-Darling Basin.
ts merit lies in the consistent performance over image time series,

hich means a unique cut-off threshold on whole time series can
e applied to derive coherent inundation results. The OWL  index is
alculated as

WL  = 1
1 + exp (f )

(2)

here

 = a0 +
5∑

i=1

aixi (3)

nd a0 = −3.41375620; a1 = −0.000959735270;
2 = 0.00417955330; a3 = 14.1927990; a4 = −0.430407140;
5 = −0.0961932990; x1 = SWIR Band 6 (reflectance × 1000);
2 = SWIR Band 7 (reflectance × 1000); x3 = NDVI (NDVI = (Band

 − Band 1)/(Band 2 + Band 1)); x4 = NDWI (NDWI = (Band 2 − Band
)/(Band 2 + Band 6)), and x5 = MrVBF (an index derived from 9
econd Shuttle Radar Topography Mission (SRTM) DEM indicating
he degrees of valley bottom flatness (Gallant and Dowling, 2003)).

OWL index ranges from 0 to 100 representing the likelihood of
he presence of water within a MODIS 500 m pixel (Guerschman
t al., 2011). Using a suitable cut-off threshold, inundation extent
an be derived from OWL  images. Various thresholds were trialed
ith a value of 1 producing the closest agreement with the water

oundaries visualized from Landsat images (Chen et al., 2013). Pix-
ls with an OWL  index great than 1 were identified as inundated
ixels (Fig. 4(b) and (d)).

.3. Inundation evaluation

Inundation extents derived by Landsat TM/ETM+ images were
sed as the “ground truth” to evaluate the OWL  method on MODIS

mages as these images have a relatively higher resolution (30 m).
nundations on TM/ETM+ images were derived using mNDWI

hich is one of the most popular indices for inundation detection. It
as developed by Xu (2006) based on a combination of reflectance

n the green band (Band 2 of Landsat TM/ETM+ image) and Short-
ave Infrared (SWIR) band (Band 5 of Landsat TM/ETM+ image).

he mNDWI  is calculated as

NDWI  = Band 2 − Band 5
Band 2 + Band 5

(4)

he pixel values of mNDWI  images derived from Landsat TM/ETM+
mages using Eq. (4) range from −1 to 1. Pixels with mNDWI  value

reater than 0 generally represent water bodies. However, this
hreshold requires slight calibration for different images, where

 manual adjustment of the threshold could always lead to more
ccurate results (Ji et al., 2009). The spatial distribution of inundated

able 3
valuation results showing the accuracy of detection using MODIS imagery compared to 

Demonstration site Overall accuracy (%) Omission er

Narran 97.0 2.1 

Chowilla 94.8 3.0 
23/03/2010 −0.10 Fig. 5(b)
+ 13/12/2000 −0.15 Fig. 5(d)

pixels on the mNDWI  images was evaluated to determine the cut-
off points to distinguish inundated extents. For each demonstration
site, a Landsat TM/ETM+ image was selected and processed to
mNDWI  image using ENVI software. The selection of the TM/ETM+
image for each site was based on the maximum flow during the
study period (water year 2001–2010) and the image availability.
These images for evaluation were listed in Table 2.

MODIS derived inundation maps (Fig. 4(b) and (d)) and
TM/ETM+ derived inundation maps (Fig. 5(b) and (d)) were resam-
pled to 10 m using the nearest neighborhood method. Spatial
comparisons were conducted based on these two  groups of inun-
dation maps (Fig. 6). Four indices were employed to indicate the
delineation accuracy of MODIS OWL  images against TM/ETM+
mNDWI  images. They are overall accuracy, omission error, commis-
sion error and Kappa coefficient (Table 3). Overall accuracy is the
percentage of total correctly classified pixels. Omission error rep-
resents the percentage of inundated pixels incorrectly classified as
non-inundated pixels. Commission error is the percentage of non-
inundated pixels classified as inundated pixels. Kappa coefficient
is an index that estimates the agreement between two classifica-
tions taking into account the agreement occurring by chance. It is
generally thought to be a more robust measure than the simple
percentage agreement calculation. Kappa coefficient approaching
1 represents perfect agreement, with between 0.6 and 0.8 repre-
senting substantial agreement (Landis and Koch, 1977).

From Fig. 6, it can be seen that MODIS OWL  images tend to
miss isolated small patches of inundation or inundation in narrow
channels. However, the overall shape and pattern of inundation
seems to be reasonably well represented. As shown in Table 3, the
overall accuracies of both the Narran site (97.0%) and the Chowilla
site (94.8) are high. As the overall accuracy is a simple percentage
between the correctly derived number of pixels (including both
inundated and non-inundated) and the total number of pixels of
the demonstration sites, the high accuracies are because of the
large number of dry pixels and wet pixels of large water bodies.
The Kappa coefficient considers the probability that a pixel is clas-
sified by chance, which therefore makes it more appropriate for
evaluating detection accuracy. Both sites have Kappa coefficients
around 0.6 which indicates an acceptable accuracy according to
Landis and Koch (1977). The indices in Table 3 only represent the
average evaluation result. In practice, the ability to detect inun-
dation in MODIS products is largely limited by spectral confusion
with background materials and depth of water, as well as the spatial
inundation extent in relation to the pixel size.

3.4. Inundation mapping
Inundation mapping in this study is zone-based. For each zone,
10 peaks from the water years 2001 to 2010 were extracted from
its related gauge using the annual flood series method. For each
peak, inundation extent maps were derived from seven selected

Landsat TM/ETM+ images.

ror (%) Commission error (%) Kappa coefficient

0.9 0.6
2.2 0.6
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Fig. 5. (a) Color composite (R7G4B2) TM image (23/03/2010) of Narran Lakes; (b) inundation map  with a threshold = −0.10 (mNDWI > −0.10) of Narran Lakes; (c) color
c th a th
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fl
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omposite (R7G4B2) ETM+ image (13/12/2000) of Chowilla; (d) inundation map  wi

ODIS OWL  images. They were then aggregated into one inun-
ation extent map  of which if any pixels were indicated to be

nundated in any of the seven images, inundation was  reported
or this pixel. For each of the 10 water years, an annual maximum

ood inundation map  was created (Fig. 7).

These 10 annual maximum inundation maps were then overlaid
o demonstrate the total number of years that areas were inundated
hroughout the 10 water years (Fig. 8). The number of times an

ig. 6. Spatial evaluation for OWL  inundation: (a) MODIS image (22/03/2010) vs. TM (23/
howilla.
reshold = −0.15 (mNDWI > −0.15) of Chowilla.

area was  inundated can be considered as the inundated frequency
during this period.

Assuming that the inundation in each zone is closely correlated
with the discharge from its related gauge, AEPs in Table 1 could

be related with annual maximum inundation maps of zone 88 in
Fig. 7. For instance, those pixels that were inundated in water year
2001 in zone 88 in Fig. 7 have a probability of 30.4% (Table 1) to
be inundated in any one year in the future. Similarly, inundated

03/2010) at Narran Lakes; (b) MODIS image (10/12/2000) vs. ETM+ (13/12/2000) at
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e maximum inundation area of each water year between 2001 and 2010.
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Table 4
Conversion table between ARI and AEP.

ARI 1-in-1 1-in-2 1-in-5 1-in-10
Fig. 7. Annual maximum inundation maps of the Basin showing th

ixels in inundation maps of water year 2002–2010 also had their
elated probabilities. Therefore, corresponding to Fig. 7, 10 prob-
bility maps (year 2001–2010) were derived. These probability
aps were then overlaid by taking the MAXIMUM probability to
ap  the final inundation probability. As being derived from AEPs,

nundation probability here is used as a reference to estimate the
hance that an area could be inundated in any one year in the
uture, which is similar to the definition of AEP. As the AEP and the
verage Recurrence Interval (ARI), which is commonly used in ecol-
gy when expressing an environmental water requirement (Chen
t al., 2011), are similar metrics, Typical ARIs (1-in-1, 1-in-2.  . .),
herefore, can be adopted to represent the inundation probability.
he relationship between AEP and ARI is defined by the following
ormula (Laurenson, 1987)

EP = 1 − exp
( −1

ARI

)
(5)
or those typical ARIs, their related AEPs are listed in Table 4. ARIs
igher than 1-in-10 are very closely approximated by the recip-
ocal of AEPs (e.g. 1-in-20 represents 0.05 AEP). Considering this
elationship, an inundation probability map  was produced (Fig. 9).
AEP 0.632 0.393 0.181 0.095

4. Results and discussion

4.1. Inundation pattern

Across the MDB, the annual maximum inundation was highly
variable with an area varying from 30,123 km2 to 64,932 km2

(Fig. 7). During the study period, the most widespread inunda-
tion was  in water year 2010. The year with the smallest area of
inundation was  2002.

As the annual maximum inundation maps were derived by link-
ing the date with the flow peaks, the date of the inundation (as
mapped in Fig. 7) can be considered to be the same as that of its

related flow peak. Therefore, the seasonality of gauge data flow
peaks was used to represent the seasonality of annual inundation in
each zone. The Day Of Year (DOY) of those peaks among water year
2001–2010 were calculated based on their date, and mapped onto
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Fig. 8. Inundation frequency map  developed from

he zones to indicate the seasons of their occurrence (Fig. 10). It can
e identified that in most zones, discharge peaks usually occurred in
pring or summer. However, water year 2006 and 2010 were excep-
ions, when many zones demonstrated peaks in winter and autumn
espectively. After checking the flow peak DOY for each zone, those
ith winter flow peaks in water year 2006 largely had peaks which

ccurred in August, which is late winter, just prior to spring. The
utumn flow peaks in water year 2010 generally occurred in March,
uring early autumn, closer to summer. The seasonality of flooding
as a significant impact on the ecological response. For example,

t is found that plant communities gained highest production and
reatest expression during spring floods, nevertheless, wood pro-
uction by river red gum (Eucalyptus camaldulensis)  forests reaches

ts highest peak when receiving summer flood (Robertson et al.,
001). Therefore, this result has a guiding significance for studying
he productivity of some biota.

.2. Inundation frequency
Fig. 8 shows the inundation frequency over the period (water
ear 2001–2010). Obviously, high frequency areas are those that
re near lakes or river channels. That is because floods in the Basin
lways begin from the high discharge of rivers.
nundated times over the water years 2001–2010.

The area of each inundation frequency (1–10 times in 10 years)
in Fig. 8 was  plotted as a percentage of total inundated area in
the pie chart in Fig. 11. Excluding the permanent water bodies and
irrigation areas, an area of 99,014 km2 in total was inundated only
once during these years, which is 55.3% of the total inundated area
(179,150 km2). An area of 1195 km2 (about 0.7%) was inundated 10
times, which represents inundation at least once every year. Pro-
portions of areas with different inundation frequencies in the north
and south of the Basin were calculated and plotted as the bar chart
in Fig. 11. Similarly in the north and south, area that was  inun-
dated only once in the 10 years had the biggest proportion (about
11.6% and 8.9%) of the total areas (623,618 km2 of the north and
303,344 km2 of the south). Inundation frequency in the southern
part of the Basin was  generally lower than that in the northern
part. This could be because of the extensive river network in the
north. The broad-distributed tributaries of the Darling River make
the northern part easier to be inundated.

Inundation frequency describes how often the flood water sub-
merged an area during the observed period. Flood water is an

important water source for floodplain and wetland ecosystems,
especially for those riparian plants, such as river red gum (Rogers
and Ralph, 2010). Several studies indicated that healthy river red
gum is suited in areas receiving adequate surface flooding (Bren
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Fig. 9. Inundation probability map showing th

nd Gibbs, 1986; Robertson et al., 2001). Flood inundation associ-
ted with flood pulse also disperses seed and deposits fertile soil
round roots of riparian plants, which is critical for their growth and
eproduction. Inundation also provides opportunities for aquatic
rganisms to colonize a variety of habitats (Pringle, 2003). Some
sh, for example, make use of floods to reach new habitats and gain
rosperity. Therefore, flood inundation frequency is an important

ndicator for the well-being of riparian flora and fauna communi-
ies. The inundation frequency map  and results can be a helpful
upport for ecosystem maintenance.

.3. Inundation probability

The inundation probability map  (Fig. 9) projects future inun-
ation based on current flow data and MODIS images. Inundation
robabilities are related to typical ARIs. It is generally assumed
hat the possible inundation extent associated with a less frequent
RI always includes the extent corresponding to a more frequent

RI. For example, 1-in-2 possible inundation extent includes the
-in-1 possible inundation extent. Therefore, Fig. 9 was  decom-
osed into four possible inundation maps related to four typical
RIs (Fig. 12). It can be seen that the inundation extent increases
ability of inundation in forms of typical ARIs.

more slowly as the ARI rises. Separately, the possible inundation
extent of these four ARIs in the south Basin is relatively less dis-
tributed than that in the north. The proportion of 1-in-1 possible
inundation extent in the south Basin is 9.7%, while that in the north
is much higher (14.1%). The same pattern exists in the possible
inundation extents of the other typical ARIs (Fig. 12). The reason
for this contrast between the north and south region is the same
as that for the inundation frequency pattern, i.e. the wide-ranging
tributaries of the Darling River make the northern part more likely
to be inundated in the future.

Unlike the inundation frequency map  which describes how
often the flood water submerged an area historically, the inunda-
tion probability map  gives an indicator of the future inundation
frequency. It can be helpful when pre-formulating future possible
flow regimes to ensure there is enough water for the impor-
tant riparian ecosystems. For example, river red gum forests need
to receive water from flood with 1-in-5 or more frequent ARI
(Steenbeeke et al., 2000). As a result, their distribution should be

included within the 1-in-5 possible inundation extent in Fig. 12.
Once the distribution maps of river red gum and 1-in-5 possible
inundation extent are overlaid, those river red gums that may  not
be able to receive enough flood water in the future can be easily
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Fig. 10. Inundation seasonality maps developed from the 

dentified. Thus, in order to protect them from degradation, serious
onsideration on environmental flow strategy needs to be imple-

ented to make sure they receive adequate water.
It should be noted that, since the MODIS data covered a relatively

ry period (from year 2001 to 2010), the inundation probability

ig. 11. Proportions of inundated area with different inundated times in north and south
n  the Basin (pie chart).
f flow peaks for each water year between 2001 and 2010.

map  generated in this study could potentially underestimate the
probability of future inundation within the Basin. A longer time

series of river flow and remotely sensed imagery will help cap-
ture more extreme flood events and hence allow for a more robust
estimation of flood inundation probabilities.

 Basin (bar chart); percentage of different times based on the total inundated area
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Fig. 12. Possible inundation extent maps of the Basi

. Conclusions

A methodology for mapping spatial and temporal variations of
ood inundation using observed flow data series and remotely
ensed image series at basin scale was developed in this study.
bserved gauge flow data were utilized to extract flow peaks and

heir AEPs using annual maximum series method. The flow peaks
ere then used to select appropriate MODIS images to detect
ood inundation. Evaluation results demonstrated that inundation
etected by OWL  on MODIS images has an acceptable accuracy at
asin scale, confirming the suitability of this technique for use in
patial and temporal mapping of flood inundation in large river
asins. Detected inundation, in combination with flow peaks and
EPs, was exploited to map  characteristics of flood inundation.
nnual maximum inundation extent maps, flood inundation fre-
uency map  and inundation probability map  were derived. The
ignificance and implication of these inundation characteristic
aps for ecological studies were highlighted. It is hoped that the
ethodology and resultant maps of this study will provide scien-

ific basis for water resource management and wetland ecosystem
esearches.

This study integrates in situ observation data and remotely
ensed data to map  the characteristics of flood inundation over
ime and across large study areas. While the in situ hydrological
ata provide only point-based information, remote sensing data
re helpful in transferring this information from point measure-
ent to a large area. Linking hydrological data to remotely sensed

nundation can produce spatio-temporal inundation maps with
nherent hydrological characteristics, which will be useful to eco-
ydrological studies in large river basins.
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