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Abstract

Flash floods are a common, but poorly understood feature of arid environments. Much of the uncertainty associated with flash
flooding events is associated with a lack of accurate environmental data. In addition to limiting the understanding of
hydrological processes, this situation handicaps human use and development in such regions, necessitating the use of modelling
approaches for environmental prediction. Here, a hydrological model driven mainly by information on land cover distribution
(derived by satellite remote sensing) and soil properties (derived from field measurement) was used to predict sites at risk from
large peak flows associated with flash flooding in a wadi located in the Eastern Desert of Egypt. The land cover map was derived
from a maximum likelihood classification of a Landsat TM image and had an estimated accuracy of 89.5%. The soils of the
classes depicted in this map differed markedly in terms of texture and permeability, with the field based estimates of infiltration
capacity ranging from 0.07 cm h™ ! for desert pavement through 14.01 cm h™! for unconsolidated wadi bed deposits. Using the
derived information within the hydrological modelling system, the discharge from the wadi and its sub-basins was predicted for
an assumed severe storm scenario. The outputs of the model indicated two locations within the wadi where a very large peak
discharge (>115m?s™!) could be expected. These sites corresponded to those that suffered flood damage in a recent storm
event. The results indicate the potential to drive an integrated hydrological model from limited data to derive important and
useful hydrological information in a region where data are scarce.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction to humans. The extremes of rainfall, for example,
result in a variety of hazardous phenomena ranging
from intense drought through to mega- and super-
flooding events (Oba, 2001; Herschy, 2002) and
associated consequential problems. For example,
extremely large rainfall events are linked to life
threatening floods, are a major source of erosion
* Corresponding author. Fax: +44-23-80593295. and their discharge can be substantial, comparable
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Extreme events often exert a disproportionately
large effect on the environment, far larger than that
associated with the more commonplace typical
events, and are those most associated with hazards
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(Baker et al., 1993; Douglas et al., 1999; Chlebek and
Jarabac, 2002; Mimikou et al., 2002). In arid regions,
flooding represents a major hazard to human health
and well-being as well as to the infrastructure of the
societies dwelling in such regions. In such environ-
ments, a major concern is flash flooding, events that
may develop within a very short period of time.

Flash floods are a major threat to human life and
infrastructures. Unfortunately, there is often a lack
of data on key hydrological processes in arid
areas (Gheith and Sultan, 2002). This limits the
ability to understand the flooding process and use this
knowledge to minimize its threat to human health and
well-being. The lack of understanding sometimes
compounds problems of flooding, with settlements,
roads and other structures inappropriately located and
designed relative to the flood risk. The ability to
predict sites most prone to flooding would help
mitigate against future damage and substantially aid
regional development. It would, for example, help
direct the planning of drainage constructions such as
ditches and culverts along roads to minimise damage
and limit flood impacts on the transport system. The
prediction of sites prone to flooding and planning of
damage minimisation activities cannot be done with-
out spatial information on key hydrological properties
of the region.

Sometimes, the required information on regional
hydrological properties can be derived from satellite
remote sensing (Engman and Gurney, 1991; Foody,
2004). For example, some important hydrological
variables, such as evapotranspiration, are, or are
strongly correlated with, the basic state variables that
control the remotely sensed response of a surface and
so can be estimated directly from remotely sensed
data. This estimation is, however, difficult and often
limited by technical problems such as those associated
with the accurate radiometric calibration of the
remotely sensed imagery. More commonly, therefore,
remotely sensed imagery is used to estimate key
hydrological variables indirectly. Frequently, land
cover is used as an intermediary between the remotely
sensed imagery and desired hydrological variables.
Land cover has a strong influence on key hydrological
variables such as infiltration, interception and evap-
oration and typically is the dominant variable
determining the remotely sensed response of a site.
Consequently, land cover maps derived from

remotely sensed data have often been used to estimate
a range of hydrological variables for the parameter-
isation of hydrological models (Hoshi et al., 1989;
Sharma and Singh, 1992; Storck et al., 1998; Su,
2000). These models may be used to predict the
response of a site to a precipitation event. In
particular, the models may be used to predict the
storm hydrograph that may help in identifying
locations sensitive to flood hazards.

Precipitation events in arid areas are highly
variable in space and time (Graef and Haigis, 2001;
Gheith and Sultan, 2002). Commonly, desert storms
are highly localised, with only part of a catchment
receiving rain and contributing directly to surface run-
off along wadis. Together with the variation in the
nature of the precipitation event, notably its intensity
and duration, the variability in the occurrence of
precipitation events complicates the understanding of
the response of a catchment to rainfall, particularly as
there are so few measurements made in the field. In
the absence of detailed field measurements, the most
appropriate method for predicting the sites prone to
flash flooding is to use a spatially distributed
hydrological model. Such a model, based on the
current understanding of run-off generation and flow,
integrated with complete spatial coverage of hydro-
logically useful properties derived indirectly through
a land cover classification of satellite remotely sensed
data may be used to predict the shape and magnitude
of flood hydrographs. Traditionally, in flooding
studies, attention has focused on the variables such
as the hydrograph’s peak discharge (Papp, 2002). The
aim of this article is to evaluate the potential of a
modelling based approach for the prediction of sites
sensitive to flood hazards in a data-limited arid region
using limited field data together with land cover
information derived from satellite remote sensor data.
Throughout, attention is focused on the relative
magnitude of predicted peak discharges as an
indicator of flood risk.

2. Test site

The study focused on the wadi El-Alam in
Eastern Egypt (Fig. 1). This is fairly typical of
watersheds in arid regions, especially of the
mountain wadis of the Eastern Desert and Sinai
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Fig. 1. Location of the test site and the basins included in the analyses. The symbol * represents the edge of the catchment from which distance

along the road are measured.

Peninsular, with rugged terrain, little vegetation and
relatively shallow soils. Furthermore, like other
wadis in the region, settlements have developed at
or near the outlet and roads traverse the wadi basin.
In the instance of wadi El-Alam, a major human
settlement, Marsa-Alam, is located at the basin’s
outlet and this is connected to the town of Idfu by a
road that runs through the wadi. Consequently, both
the urban area of Marsa-Alam and road inland to
Idfu are potentially vulnerable to flooding and
associated damage. Particular attention here is
focused on the Idfu-Marsa-Alam road that has
previously been damaged by flash floods (El-Etr
and Ashmawy, 1993). In particular, the 36 km
section of the road that runs through the wadi
and which has mainly been constructed on the floor
of the drainage course, crossing the alluvial fans of
numerous sub-basins, was the prime focus of
attention (Fig. 2).

Although, located within an arid-hyperarid region,
with an average annual rainfall of 13 mm, the region

does experience intense rainfall events infrequently.
These rainfall events are often associated with severe
local convective thunderstorms (Zeller, 1990; Green-
baum et al., 1998) and although typically having a
short duration, less than 4 h, may have an intensity of
>30mmh~' (Sabol and Stevens, 1990). For
example, Zeller (1990) reports on a rainstorm in
Arizona in which 130 mm of rain fell within 2 h and
Gheith and Sultan (2002) report on storms producing
of up to 60 mm of rainfall at locations near the current
test site. Such storms can rapidly generate flash floods,
the size of which varies as a function of both the
rainfall event and the characteristics of the basin.
Understanding flash flooding at the site and predicting
sites vulnerable to flood damage is, however,
hampered by a lack of data. The basin itself is
ungauged and there is very little meteorological data
for the site; the nearest meteorological station is some
70 km away. Furthermore, there are considerable
uncertainties associated with the composition of
the site. In particular, the hydrological properties
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Fig. 2. Oblique view of the Idfu-Marsa-Alam road crossing through the wadi El-Alam. Note the road crossing the relatively flat wadi bed and

topographic shadowing.

of the land cover, which is not mapped accurately, is
unknown, limiting the ability to drive predictive
models.

3. Data and methods

In the absence of detailed data, especially on
rainfall and ground surface properties for the site, the
only feasible means of predicting sites sensitive to
flooding was to adopt a modelling approach supported
by acquisition of data on land cover and associated
hydrological variables. Given the spatial variability in
rainfall and basin hydrological properties, a spatially
distributed rather than lumped model was required.
Here, the hydrologic modelling system (HMS), using
Muskingum flow routing (Chow et al., 1988),
developed by the Hydrologic Engineering Center of
the US Army Corps of Engineers, was selected. The
HMS was used to model the rainfall-runoff processes
of the basin and predict the hydrograph at locations
within it. Model parameters, outlined below, were
determined with the CRWR-PrePro system (Olivera
and Maidment, 1999). CRWR-PrePro extracts topo-
graphic, topologic and hydrological information from
digital elevation data. The latter were derived by
manually digitising contours from 1:50,000 topo-
graphic maps of the site.

The HMS model is described in detail by
Peters (1998). With this model, the basin is viewed

as a series of hydrological elements linked in a series.
The model routes water from one element to another
until some terminal point is reached. It uses descrip-
tions of the hydrological elements of the basin, such as
its river reaches, junctions, reservoirs, sources and
sinks as well as sub-basins, together with routing
parameters to model the movement of water over the
site. Water losses due to infiltration were computed
using the Soil Conservation Service curve number
method. This method estimates runoff as a function of
the cumulative precipitation, antecedent moisture, soil
and land use conditions. The curve number is a
function of soil and land cover conditions, which may
be estimated using published tables (SCS, 1985) from
information on land cover, soil type and antecedent
moisture conditions. The estimation of the curve
number, therefore, required information on these three
variables. For this test site, in an arid environment, it
seems reasonable to assume dry antecedent moisture
conditions (Gheith and Sultan, 2002). Information on
the remaining two variables, soil and land cover, was
derived from fieldwork and through satellite remote
sensing.

The land cover information required for the
hydrological modelling were derived with the aid of
a supervised digital image classification (Tso and
Mather, 2001) of the Landsat TM imagery of the site.
This analysis aimed to derive a thematic classification
from the imagery in which the land cover classes
mapped differed in terms of their hydrological
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properties. From field observation, the site comprised
a small number of land covers, namely bedrock
outcrops, desert pavement, and consolidated and
unconsolidated wadi bed deposits. The physical
differences between these surfaces give rise to
differences in their permeability and thus their
infiltration and run-off properties. The spatial distri-
bution of these different classes within a catchment
would, therefore, impact considerably on the catch-
ment’s response to a rainfall event. Consequently, a
map of these classes was derived from the Landsat
TM data and a field study undertaken to measure key
properties.

The TM data used were acquired in March 1988
and had a spatial resolution of 30 m in the non-thermal
wavebands; the data acquired in TM band 6 (thermal
infrared) were not used because of their coarse,
120 m, spatial resolution. Landsat TM data have been
widely used for mapping land cover in a range of
environments, including arid regions (Langley et al.,
2001; Gheith and Sultan, 2002). These data were
rigorously pre-processed using standard techniques
prior to the classification (Mather, 1999). This pre-
processing aimed to ensure that the variation in
remotely sensed spectral response observed was, as
far as possible, a function only of land surface
properties, notably soil and land cover, so that
hydrologically useful thematic classification could
be derived. The pre-processing involved geometric,
atmospheric, radiometric and topographic correction
of the remotely sensed data.

The geometric correction was achieved using a
transformation equation derived from 14 ground
control points dispersed over the test site. Nearest
neighbour resampling was used to maintain the data’s
statistical properties. The estimated root mean square
error of the geometric transformation was 0.7 pixel.
The data were radiometrically corrected using pub-
lished gain and offset coefficients for the sensor to
convert the image digital numbers to radiance. In the
absence of detailed data on atmospheric conditions, a
simple but effective image-based method, the refined
dark object subtract method proposed by Chavez
(1996), was used to reduce atmospheric effects in the
data (Song et al.,, 2001). Finally, a topographic
correction was made to compensate for the effects
of variable surface illumination due to topographic
variation. The method used was that suggested by
Ekstrand (1996) with the Minnaert constant used to
reduce the potential for over-correction for topo-
graphic effects. Although, there are problems associ-
ated with use of Minnaert based topographic
corrections (Bishop and Colby, 2002), the Minnaert
constant was estimated globally over the site using an
empirical regression approach (Colby and Keating,
1998). The resulting topographic correction reduced
the effects of variations in terrain surface orientation
and topographic shading (Fig. 2) on the remotely
sensed response (Fig. 3). The final pre-classification
step was a feature selection to reduce the size of the
data set (Mather, 1999). Commonly, remotely sensed
imagery contains a high degree of redundancy, with

(b)

Fig. 3. Landsat TM image, band 4 (near-infrared), of the test site (a) before and (b) after topographic correction.
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the dimensionality of the data set smaller than the
number of wavebands. Since redundant data can
degrade classification performance and accuracy, a
feature selection was undertaken to exclude unnecess-
ary data. On the basis of the degree of inter-waveband
correlation observed, the data acquired in Landsat TM
bands 3-5 and 7 only were selected for use.

The land cover map was derived using a supervised
image classification (Tso and Mather, 2001). From
both field observation and visual interpretation of the
remotely sensed imagery, it was, however, apparent
that the bedrock outcrops comprised two spectrally
separate classes, with basement (igneous and meta-
morphic) rocks dominating the catchment area and a
small region of sedimentary rocks located near the
Red Sea coast. To limit the potential for inter-class
confusion and so facilitate accurate mapping, the
bedrock class was divided into its two component
classes for the production of the land cover map
from the remotely sensed imagery. These classes
were, however, amalgamated post-classification to

Basement rocks
M Desert pavement

(| Unconsolidated wadi bed deposits
M Consolidated wadi bed deposits
] Sedimentary rocks

represent the bedrock class as they have the same
hydrological properties in the model. For each of the
five thematic classes to be mapped classes (including
sedimentary and basement rocks), five training sites
were identified for each class and used to derive
training statistics for a conventional maximum like-
lihood classification. This approach allocates each
pixel in the image to the class with which it has the
greatest posterior probability of membership (Tso and
Mather, 2001). The output of the latter was a thematic
map depicting the spatial distribution of the five
selected land cover classes over the basin (Fig. 4).
The accuracy of the derived land cover map was
assessed from a random sample of 229 pixels. For
each of these pixels the actual land cover class was
derived from 1:40,000 scale aerial photographs
acquired in 1989; the nature of the environment
dictates that (aside from short lived vegetal changes)
the land surface cover is highly intransient and so the
~ 1 year difference in the date of aerial photograph
and Landsat TM data acquisition was unimportant.

Marsa
Alam

Fig. 4. Land cover classification derived from a supervised maximum likelihood classification of the Landsat TM data.
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Settlements and roads, manually digitised from
1:50,000 scale topographic maps of the site, were
added to the land cover map derived from the
classification of the Landsat TM imagery. The
resulting seven class map was used in the estimation
of curve numbers in the HMS based analyses.

The field surveys aimed to evaluate the textural and
infiltration properties of the non-rock classes. This
information was required for the determination of soil
groups, a necessary requirement for the specification
of curve numbers in the model (SCS, 1985). Field-
work undertaken in February 1999 and January 2001
aimed to acquire data on key soil properties. In
particular, the fieldwork aimed to identify the texture
and infiltration rate of the three non-rock land covers.
At a total of 16 sites, a soil sample of ~ 500 g derived
from the uppermost 50 cm of the soil was obtained for
textural analysis. Each soil sample was sieved to
separate the soil particles by size to enable specifica-
tion of the relevant SCS soil group (Skaggs and
Khaleel, 1982; SCS, 1986). The infiltration rate of
each class was also assessed. Using a ring infiltrom-
eter, inserted to a depth of 15cm, the rate of
infiltration was assessed with the change in measured
vertical infiltration as a function of time used to derive
an estimate of the infiltration rate (Philip, 1957); the
nature of the surface cover across the test site ensured
that splash effects could be ignored. Together, the
information on soil texture and infiltration were used
to determine the soil group for each class.

With the digital elevation model and curve
numbers derived with the aid of the soil and land
cover data, the HMS model was run. For this, the
CRWR-PrePro system was used to calculate the
required model parameters for each sub-basin.
CRWR-PrePro was driven with the digital elevation,
stream network and curve number data derived with
the stream velocity and Muskingham X parameters
set at 3 ms™ ', typical of that observed in arid regions
(Allam and Balkhair, 1987; Reid et al., 1998), and 0.2,
respectively. From these inputs, CRWR-PrePro was
used to derive the average curve number and lag time
as well as the longest flow path and its average slope
for each sub-basin. The output from the HMS model
was the flood hydrograph for outlet of the entire basin
or each defined sub-basin. As concern here was on the
potential of flood damage to the Idfu-Marsa-Alam
road, the point where a sub-basin intersected the road

was treated as an outlet and the hydrograph derived
for that location. Of the 55 sub-basins that the road
crossed 30 were very small, <1 kmz, and so excluded
from further analyses as the potential for flood
damage was consequently small. For the remaining
25 sub-basins the hydrograph was modelled and
attention focused on the magnitude of the hydro-
graph’s peak value as this is linked to the destructive
force of the flood waters.

4. Results and discussion

Although, the three soil types exhibited different
textures (Fig. 5) their textural description did not
differ significantly in terms of the US Soil Conserva-
tion Service’s (SCS, 1986) soil group classification.
From the textural description derived, all three soils
appeared to belong to soil group A, being coarse
textured with little silt and clay and so having a low
run-off potential. Field based observation of infiltra-
tion, however, indicated some important differences
between the classes that could be used to refine the
soil group allocations. In particular, the field studies
revealed that the defined land cover classes differed in
terms of key hydrological properties. Field measure-
ments of infiltration rate at the site, for example,
ranged from 0.07cmh™' on the desert pavement
through 9.70 and 14.01 cm h™" for the consolidated
and unconsolidated wadi bed deposits, respectively.

v Consolidated wadi bed deposit

1.0 * Desert Pavement
®  Unconsolidated wadi bed deposit

loneib Appniy
Muddy sandy gravel

0.9 Gravely mud

e A A A 777

00 01 02 03 04 05 06 07
Mud

Fig. 5. Summary of the soil textural description derived from
fieldwork.
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The differences between these land covers in terms of
infiltration is shown in Fig. 6. These measured soil
infiltration rates supported the allocation of wadi bed
deposits to group A. However, the infiltration rates
observed also indicated that the desert pavement
response was more similar to a soil in group D, with a
high run-off potential. On the basis of the infiltration
rate data, therefore, the wadi bed deposits were
allocated to soil group A and the desert pavement to
soil group D. These soil group allocations, together
with the land cover data derived from the Landsat TM
data, were used to specify the curve number for use in
the HMS model.

The accuracy of the land cover map derived by the
image classification was estimated to be 89.5%
(Table 1), above the commonly specified target
accuracy (85%) for many thematic maps (Foody,
2002). This representation of the land cover of the site
was considered to be sufficiently accurate for use in
driving the hydrological model. The model was run
over the entire wadi basin as well as for the selected
sub-basins that had an outlet intersecting the Idfu-
Marsa-Alam road.

For each of the 25 sub-basin outlets that lay along
the road between Marsa-Alam and Idfu, a hydrograph
was derived from the HMS model. For this, a rainfall
event with an intensity of 30 mm h™" over a period of
2 h was assumed. This value lies within the range of
storms observed in the general region (e.g. Gheith and
Sultan, 2002) and was observed for the nearby Quseir
station of the Egyptian Meteorological Authority on
14 November 1996. It was also assumed that the
rainstorm uniformly and exclusively covered a
specified single basin on each run of the model.

The peak discharge derived from each of the 25
sub-basins intersecting the road varied from 1.47 to
142.12m* s~ (Fig. 7). As the peak discharge is
positively related to the potential for flood damage it
is apparent that the flood hazard varies significantly
along the road. Additionally, a small number of sites
were associated with particularly large peak
discharges (Fig. 8). The two sites along the road
known to have suffered significant flood damage in the
recent past (EI-Etr and Ashmawy, 1993) corresponded
to the sites estimated to have the two highest
peak discharges, located at approximately 13.5
and 29.0 km along the road from the edge of
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Fig. 6. Infiltration properties of the non-rock land covers (a) desert
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Table 1
Confusion matrix for land cover classification accuracy assessment

G.M. Foody et al. / Journal of Hydrology 292 (2004) 48-58

C U D B Total Producer’s accuracy

Consolidated wadi bed deposit (C) 43 1 0 3 1 48 89.6
Unconsolidated wadi bed deposit (U) 2 19 0 0 0 21 90.5

Sedimentary rocks (S) 0 2 17 0 1 20 85.0

Desert pavement (D) 3 0 0 44 3 50 88.0

Basement rocks (B) 3 0 0 5 82 90 91.1

Total 51 22 17 52 87 229

User’s accuracy 84.3 86.4 100.0 84.6 94.3

Note the rows represent the actual class of membership and the columns the predicted class of membership. Elements highlighted in bold
represent correct class allocations. The overall percentage of cases correctly classified was 89.5% with the accuracy of each class >84% from

both the map user’s and producer’s perspectives.

150
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Fig. 7. Hydrographs indicating the range of discharges predicted. Note the 100 fold difference in the discharges represented.

the catchment boundary (Fig. 8) confirming the
hazard vulnerability inferred from the modelling.
Flooding hazards at the site are not constrained to
the Idfu-Marsa-Alam road, the major Red Sea coastal
highway, for example, runs close to the Red sea shore
crossing the El-Alam alluvial fan (Fig. 1) and so is
subject to flooding from the wadi basin as a whole.
Damage to this road may, however, be limited as the
road was constructed close to the wadi floor and so,
after a flood event, it is often simply covered in
sediment that is easy to remove. The pedestrian
surface beside the road was, however, constructed
~1 m above the wadi floor level and even though
protected by large culverts, parts were washed away
when the culverts were plugged with coarse deposits
in a flood event in 1996 (Fig. 9). Finally, the flood
hazard also affects the settlement of Marsa-Alam
itself. Marsa-Alam is expanding, in particular grow-
ing along the wadi El-Alam. In places, attempts have

1.5
o 1.0
[
E
2
2
s
o 0.54
o
0 T T 1
0 5 10 15
Time (hr)
201
i 2u % i
0 X T 1T Y I T
18 15 13 I Jiose 2
16 12 &
207 14
—~ 40+
]
T 604
; 3
2 80+
=
3
o 1004
1201
140
160 T T T T T 1
0 0 12 18 24 30 36

Distance from catchment boundary (km)

Fig. 8. Predicted peak flows from the 25 sub-basins. Numbered labels
relate to the sub-basin identifiers shown in Fig. 1. For presentational
reasons the horizontal line represents the road so that the flows from
basins draining from the north (above the line) and south (below the
line) may be discriminated. Note the two extremely large peak flows
predicted that correspond with the locations damaged by recent floods.
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Fig. 9. Part of the pedestrian walkway damaged by a flood in 1996. The line annotated runs along the length of the walkway and shows the

general vertical profile after the flood damage in the bottom image.

been made to minimise potential flood damage by
building on the top of sediment rock hills but these
locations may still be sensitive to lateral erosion from
flood water and so may still be at risk from hazards
associated with flash flood events.

5. Summary and conclusion

Flooding hazards in arid environments are well
known but poorly understood due to a lack of data.
Consequently, many infrastructure developments
such as roads are poorly located and protected from
flood hazards. This paper has demonstrated that the
location of sites particularly at risk from large peak
flows associated with flash flooding may be predicted
using a hydrological model in which key parameters
were derived from conventional topographic maps,
field survey and a land cover map derived from
satellite remote sensing.
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