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Abstract
Floods are the most destructive and recurring natural hazard and have caused
much economic loss throughout the world since 1900. In Pakistan, floods are among
the most devastating and recurring natural hazards. Swat valley is prone to frequent
floods and was severely affected by Flood2010. Flood hazard assessment is the nonstructural approach used worldwide for flood mitigation in addition to the structure
measure. In this study, 60km long reach of the Swat river (Khwazakhela – Chakdara)
prone to the flood was modeled using HEC-RAS 2D model and high resolution 12m
WorldDEM digital elevation model (DEM). This research study was divided into
three major parts namely DEM vertical accuracy assessment, flood frequency analysis
and flood modeling and hazard mapping. DEM represent the topography and is used
for the floodplain representation in flood model and often contains intrinsic errors.
Vertical accuracy of WorldDEM 12m, SRTM 30m, ASTER GDEM 30m, and ALOS
30m and its possible implication for flood modeling of River Swat, Pakistan was also
studied. A total of 308 ICESat and 306 DGPS Points, being the most accurate
elevation data, were used as reference for the evaluation of the WorldDEM, SRTM,
ASTER and ALOS DEMs in Swat River Basin model study area. Statistical analysis
showed that RMSE for the WorldDEM, SRTM, ALOS, and ASTER DEMs with
respect to the ICESat points were 5.85 m, 6.83 m, 8.17 m and 14.62 m respectively
while RMSE with reference to the DGPS points were 4.38 m, 7.83 m, 6.57 m and
14.17 m respectively. Moreover, WorldDEM RMSE distribution in slope, aspect and
landcover was also assessed in this study. Results showed that WorldDEM has the
lowest Root Mean Square Error (RMSE) of 1.45m and is the most suitable DEM for
flood modeling application in Swat valley. Flood hazard assessment requires
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probabilistic flood events magnitude and probability of occurrence. Flood frequency
analysis is the most common technique used for the at-site estimation of flood
recurrence magnitude. This study evaluates four most commonly used distributions
methods i.e. Generalized Extreme Value (GEV), Log Pearson III (LP3), Gumbel Max,
and Normal for the flood frequency and estimation of flood recurrence. Long-term
annual maximum discharge data (1980 - 2016) recorded at Khwazakhela, Chakdara,
Panjkora, and Munda headwork gauge stations in Swat river basin was used for flood
frequency analysis. Three goodness-of-fit tests were applied to the fitted distributions
i.e. Kolmogorov–Smirnov, Anderson–Darling, and Chi-squared at 5% significance
level. Results indicated that LP3 and GEV were ranked top two distributions at all
locations while Gumbel Max and Normal were the least fitted having rank 3 and 4,
respectively. Based on the goodness-of-fit ranking, LP3 was selected for the
estimation of flood magnitude and return periods i.e. 2, 5, 10, 25, 50, and 100 years at
Khwazakhela. Designed hydrographs for 2, 5, 10, 25, 50, and 100 years return periods
based on the Flood2010 hydrograph were also prepared. Subsequently, flood model
was setup with unsteady flow condition due to the flood wave nature in Swat valley.
Model was calibrated using Manning’s ‘n’ values and validated for only historical
maximum flood event i.e. Flood2010 against flood stage at Chakdara Bridge and
available satellite images acquired during the Flood2010. Flood model sensitivity to
DEM was also carried out. Sensitivity analysis shows that simulated maximum depths
were 12m, 13m, 14m, and 25m for WorldDEM, SRTM, ALOS and ASTER DEMs
respectively. Finally, model was simulated for 2, 5, 10, 25, 50, and 100 years return
periods with full momentum equation as calculation method. Simulated extents based
on the 12m WorldDEM were used for the preparation of flood hazard maps.
Landcover exposure to the designed flood events showed that agriculture including
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orchards is the major potential affected landuse with affected areas up to 55km2.
Flood hazard maps prepared in this study will enable policy makers, disaster
practitioners, and decision makers to mainstream flood hazard assessment in planning
and development process for mitigating flood hazard. This study would also
contribute toward the realization of the Sendai Framework for Disaster Risk
Reduction (SFDRR) 2015-30.

Keywords: Flood Frequency Analysis, Vertical Accuracy Assessment, Flood Hazard
Assessment, Flood Hazard Mapping, DEM, Flood Model, Model Sensitivity Analysis,
River Swat
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1 Introduction
Floods are among the most devastating and recurring natural hazards (Khan et
al., 2011; Ouma and Tateishi, 2014) which have caused an economic loss of US$ 200
billion worldwide since 1900 (Statistical Portal, 2015). Floods are typical phenomena
in areas with erratic precipitation, heterogeneity of natural conditions and human
activity. Flooding can occur in various forms, such as coastal, riverine and surface
water, including urban and storm flooding. Surface water flooding tends to be the
most severe during intense downpours, which are often coupled with snowmelt runoff
in catchments (FFC, 2010; FFC, 2014; Jenkins et al., 2017).

Pakistan is one of the most prone countries to riverine flooding and was
severely affected by the major floods during the years 1973, 1976, 1988, 1992, 2010,
2011, 2014, and 2015 with significant loss to human lives and economy (FFC, 2014;
Khattak et al., 2015). Pakistan has suffered a cumulative financial loss of more than
US$ 38 billion during the past 67 years (FFC, 2014). The unprecedented Flood2010
was the worst riverine flood in the history of the country that alone resulted in a
cumulative financial loss of US$10 billion, caused about 2,000 deaths,
damaged/destroyed 17,553 villages and affected a total area of 160,000km2 (FFC,
2010). The rivers Swat and Kabul caused major losses to life, crops, houses, roads and
irrigation infrastructure in the Swat, Charsadda, Nowshera and Peshawar districts in
the Khyber Pakhtunkhwa.

1.1

Flood hazard assessment

Assessment of flood hazard is generally associated with flood event magnitude
and probability of occurrence (Mani et al., 2013). Flood hazard can be mitigated
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through structural and non-structural approaches. Structural approach includes
construction of flood protection structures like dykes, flood walls, spurs, while nonstructural measures include preparation of flood hazard maps, vulnerability and risk
assessment. Masood and Takeuchi (2011) mentioned that only structural approach is
inadequate to combat recurrent flood hazards. Flood hazard assessment is the ultimate
non-structural approach for sustainable urban and landuse planning, preserving
ecohydrology of river corridors, protecting infrastructure and human lives (Grimaldi
et al., 2013). Flood hazard management, requires evaluating the probability of
extreme events with devastating impacts, which are usually calculated by flood
frequency analysis methods like Gumbel and LP3 distributions (Khattak et al., 2015).

Physical modeling is the most accepted and frequently used technique for
flood simulation, flood hazard assessment and mapping (Masood and Takeuchi, 2011,
Bahadur et al., 2015; Khattak et al., 2015). Flood models are classified as 1D and 2D,
based on modeling approach. In 1D flood models, such as HEC-RAS 1D, SOBEK 1D
and MIKE 11, a given terrain is approximated as a sequence of river and floodplain
cross-sections perpendicular to flow direction (Farooq, 2007; Sanaullah et al., 2011;
Brunner, 2016). Moreover, 1D flood model assumes that water remains inside the
channel and does not consider any lateral flow which might occur. Because of this
major limitation, 1D flood models cannot be applied to urban flooding. However, 2D
flood models consider variation of flow in both the longitudinal and transverse
directions of river channel (Tarekegn et al., 2010). The 2D flood model main inputs
are river and floodplain geometric data, hydraulic parameters and boundary
conditions. Popular 2D flood models include SOBEK, FLS, LISFLOOD, Telemac
2D, Flo2D Pro, RRI, Flow-2D, HEC-RAS 2D and MIKE Flood (Horritt and Bates,
2002; Yin et al., 2012; Jakob et al., 2014). Rahman (2006) concluded that 2D-
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hydraulic flood propagation models are very important for flood hazard assessment.
Mani et al. (2013) used Mike Flood for flood hazard assessment. Sayama et al. (2012)
developed flood hazard maps for River Indus using 2D River Runoff Inundation
(RRI) flood model. Satellite-derived flood extent is invaluable for calibration and
validation of the hydraulic models (Khattak et al., 2015). Remote sensing derived
optical and microwave images are effectively utilized for flood hazard mapping for
near-real time support to the disaster managers (Masood and Takeuchi, 2011; Skakun,
2013).

1.2

Study area

The study area selected for this research located in the district Swat in the
Khyber Pakhtunkhwa Province of Pakistan (Figure 1-1). The district lies in the lap of
the Hindukush mountainous ranges and has altitudinal variations ranging from 710m
ASL in the south to 5917m ASL in the northern high peaks (SRTM 30m).
Climatically, summer is short and winter is long in the Swat Valley. June is the hottest
month with mean maximum and minimum temperature of 33°C and 16°C,
respectively whereas January is the coldest month with mean maximum and minimum
temperature of 11°C and -2°C, respectively (Report on Improvement of fruit
production in Swat valley, 2013). The annual rainfall fluctuates from 700 mm to
1,630 mm (Malik and Ahmed, 2014).

3

Figure 1-1: Location map of the study area
River Swat is a perennial river with 240km length and 14,000km2 watershed
and is fed by rain, snow and glaciers melting. Approximately 60km long reach of
River from Khwazakhela Bridge to Chakdara Bridge was selected for this study and
Swat was modeled using the HEC-RAS 2D model (Figure 1-1).

4

(a)

(c)

(b)

(d)

Figure 1-2: (a) Collapsed hotel in Kalam (b) damaged Kalam – Madyan Road (c)
flash flood in Swat and (d) aerial view of the flood in Swat valley
The reason for the selection of this study area was the availability of gauge
stations at these locations. Hydrological data recorded at gauge station plays a key
role in model calibration and validation. Figure 1-2 shows some of the key damages
caused by the Flood2010 in Swat valley. Figure 1-2 (a) also give evidence of the
encroachments in River Swat. River Swat floodplain (Figure 1-3) in the study area is
mostly consists of stones and sands. Moreover, horticulture including orchards is the
main landcover immediately located to the River Swat Banks.
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(a)

(b)

(c)

(d)

(e)

(f)
Figure 1-3: (a & b) floodplain upstream of Khwazakhela Bridge (c) floodplain
downstream of Khwazakhela Bridge (d) floodplain downstream of Madyan
(e) downstream of Chakdara Bridge and (f) Orchards in floodplain

Ground pictures were used for the Manning’s n values selection from Manning’s n
Table (Chow, 2009).

1.3

Problem Statement

Swat Valley is highly susceptible to flooding due to intense rainfall coupled
with snow melting and anthropogenic factors (Malik and Ahmed, 2014). The District
has experienced many disastrous floods in the years 1973, 1992, 1993, 1994, 1995,
1996, 2001, 2005, 2010 and 2016 (Bahadar et al., 2015). The Flood2010 was the most
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catastrophic in the history of Swat, with 86 fatalities, killing 9800 livestock, destroyed
4000 houses, washed several bridges and damaged the Amandara and Munda
Headworks (FFC, 2010; Rahman and Khan, 2011).

Many studies were carried out to evaluate flood hazard by using
hydrodynamic flood model in combination with GIS and remote sensing in Swat
Valley. Malik and Ahmed (2014); Bahadar et al. (2015) and Khattak et al. (2015),
have successfully used HEC-RAS 1D model on selected sites of River Swat and River
Kabul with coarser resolution Digital Elevation Model (DEM) of ASTER with 30m
and SRTM with 90m. However, Bahadar et al. (2015) concludes that the coarse
resolution of the ASTER DEM, does not allow to develop a flood hazard map.
Moreover, RRI model developed for the River Indus (Jinnah Barrage – Indus Delta)
does not include modeling of its western tributaries i.e. Swat and Kabul rivers. Hence,
the aim of this study is to utilize a 2D hydrodynamic model for flood hazard
assessment, in Swat, using high resolution satellite imagery and DEM. The derived
flood hazard maps can be used by disaster managers for developing and implementing
flood mitigation strategies.
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1.4

Aim

The aim of this research is to conduct flood hazard assessment in Swat Valley
using HEC-RAS 2D hydrodynamic flood model and geospatial technologies and the
impact of the DEM resolution on simulated flood depth, extent and velocity.

1.5
1.

Objectives
To evaluate the impact of DEM errors and resolution on HEC-RAS 2D
Flood Model outputs i.e. flood extent, velocity and depth.

2.

To carryout flood frequency analysis using Gumbel Distribution and
log-Pearson type III methods based on long-term discharge data for
flood recurrence periods calculation.

3.

To model, calibrate, validate, and simulate flood hazard in River Swat,
using HEC-RAS 2D hydrodynamic flood model and geospatial data.

4.

To assess flood hazard using multi-parametric approach based on 2D
hydrodynamic model output (velocity, depth, and lag time), high
resolution satellite imagery and GIS techniques for the study area.

5.

To

demarcate

flood

susceptible

areas

using

HEC-RAS

2D

hydrodynamic flood model simulated output for 2, 5, 10, 20, 50, and
100 years return periods for flood contingency planning and early
warning.

1.6

Methodology

This study was divided into three parts namely DEM accuracy assessment,
flood frequency analysis and flood hazard assessment and mapping. In Part-I, DEM
accuracy assessment was carried out using four different techniques including
descriptive Root Mean Square Error (RMSE), image differencing for creation of error
8

maps, drainage network and Profile visualization for DEM uncertainty analysis. In
first step, DEMs were analyzed visually for terrain imperfections. For vertical
accuracy assessment of the WorldDEM, SRTM, ALOS and ASTER DEMs, 308
ICESat’s GLAS and 306 DGPS points were used and were assigned elevation from
all DEMs by using the ArcGIS “Extract Multiple Values to the Point” function.
Attributes table was then exported to the MS Excel for the computation of Root Mean
Square Error (RMSE). To analyze the elevation differences between the reference i.e.
WorldDEM and global DEMs (SRTM, ASTER and ALOS), a difference image was
also prepared. Moreover, to assess the impact of terrain relief and landcover on DEM
error, slope and aspect were computed for the mentioned DEMs. Stream network
delineated for the study area were used for the positional accuracy. Finally, the DEMs
were assessed by comparing the x-section profiles extracted from the DEMs with
survey profile at the Khwazakhela, Kanju and Chakdara Bridges.

In Part-II, GEV, Gumbel Max, LP3, and Normal distributions were used for
the selection of the fitted distribution to the observed data recorded at the four gauges
namely Khwazakhela, Chakdara, Panjkora and Munda Headwork in River Swat basin.
Distribution fittings were carried out in EasyFit software while return period
calculation were made in Excel sheet. The LP3 and GEV distributions use three
parameters i.e. location, scale and shape for fittings while Gumbel and Normal
distributions uses two parameters i.e. location and scale. Three goodness-of-fit tests
were applied to the fitted distributions i.e. Kolmogorov–Smirnov, Anderson–Darling,
and Chi-squared at 5% significance level for the selection of the best fit distribution.
Finally, LP3 was used for the estimation of the flood recurrence periods at
Khwazakhela.
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In last Part, flood hazard was assessed using HEC-RAS 2D flood model,
geospatial data and techniques in the study area. HEC-RAS 2D Model input and
output geometric data processing was carried out in the ArcGIS environment. Model
input data includes river cross-sections/river 3D geometry, river banks, embankments,
bridges/culverts, DEM and landcover/soil maps while model output includes, flood
depth, extent and velocity. The model for Flood2010 event was calibrated using
manning ‘n’ coefficient and validated by satellite based observed flood extent,
observed stage and field data. Subsequently, model response was also evaluated
against DEM uncertainties and grid spacing. Finally, it was simulated for 5, 10, 20,
50, and 100 years flood recurrence periods. Flood hazard maps for vulnerable
communities and infrastructure were prepared using WorldDEM and Sentinel-2
imagery along with flood velocity and depth for Flood2010 and flood recurrence
periods (2, 5, 10, 20, 50, and 100 years). Methodology for the proposed study is
outlined in Figure 1-4.
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Figure 1-4: Flowchart of methodology for the proposed study
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1.7

Thesis Structure

Chapter 1 gives an insight to the thesis. It introduces flood hazard assessment
approach used for the flood hazard mitigation and exposure analysis in the study.
This chapter also discusses problems statement, methodology and enumerates the
objectives of the research.

Chapter 2 gives detail description of the study area. In addition, this chapter
also provides theoretical background for 1D and 2D flood models.

Chapter 3 discusses different techniques used for the vertical accuracy
assessment of the globally available DEM namely SRTM, ALOS World3D, ASTER
GDEM and WorldDEM in study area. It aims to find the optimal DEM which can
represent floodplain accurately and can be used in flood model.

Chapter 4 gives an insight to the flood frequency analysis techniques used for
the flood return periods calculation. This chapter also discusses different distribution
techniques and fitting tests used for the flood frequency analysis based on the longterm annual maximum peak discharges recorded at the four gauge station in Swat
River catchment.

Chapter 5 gives insight to the HEC-RAS 2D flood model. This chapter also
discusses HEC-RAS model setup, calibration, validation and flood hazard maps based
on the return periods simulations.

Chapter 6 provides a synthesis and discusses the implication of the results for
mitigation of flood hazard assessment in study area. Recommendations for future
work also provided.
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2 Theoretical Background
In the past flood management was usually done with paper maps prepared
after the floods and in most of the cases height of high water level were marked on the
walls. With the advancement in science and technology, flood management practice
has been improved through the developing flood models (1D and 2D). Both
approaches have their own pros and cons, which in turn, provide motivation for
integrating both. Assessment of flood hazard is generally associated with flood event
magnitude and probability of occurrence (Mani et al., 2013). Flood hazard can be
mitigated through structural and non-structural approaches. Structural approach
includes construction of flood protection structures like dykes, flood walls, spurs,
while non-structural approach include preparation of flood hazard maps, vulnerability
and risk assessment. Masood and Takeuchi (2011) mentioned that only structural
approach is inadequate to combat recurrent flood hazards. Flood hazard mapping is
the ultimate non-structural approach for sustainable urban and landuse planning,
preserving ecohydrology of river corridors, protecting infrastructure and human lives
(Grimaldi et al., 2013). Flood hazard management, requires evaluating the probability
of extreme events with devastating impacts, which are usually calculated by flood
frequency analysis methods like Gumbel and log-Pearson type III distributions
(Khattak et al., 2015).

2.1

Remote Sensing

Satellite remote sensing is one of the most accurate means for
landcover/landuse mapping, DEM generation, flood model calibration and mapping
and monitoring of flood affected areas (Sanaullah et al., 2011, Shahzad et al., 2015,
Thakur and Sumangala, 2006). The flood model performance can be assessed through
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the consistency of the calibrated Manning’s n values used for different flood
magnitudes (Horritt and Bates, 2002). Satellite based landcover map are used for
model flood extent calibration, validation and hazard mapping. Remote sensing is also
used for the preparation of the model pre-data processing which include river crosssection, river banks, embankments, bridges/culverts, river 3D geometry, DEM
processing and analysis, landcover, soil maps etc. In addition, satellite imagery plays
a key role in flood hazard mapping and monitoring.

Figure 2-1: Spatial distribution of the landcover of Swat River basin
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SUPARCO Landcover Classification System landcover data based on the
2.5m SPOT-5 imagery, of the province was used for the Landcover analysis of Swat
River Basin. The landcover map of the Swat River basin is shown in Figure 2-1.
Landcover statistics (Table 2-1) shows that range land (27.8%), agriculture (24.5%),
forest (20.4%), and bare area with sparse vegetation / mountainous (18.1%) are major
landcover classes in Swat River basin. Swat valley climate and terrain is suitable for
conifer and broadleaf forests, mountain agriculture and natural vegetation. Since most
of the rural population is spread in valleys that’s why mountain agriculture is
practiced in this valley. Moreover, horticulture (fruit and vegetables) is the main
agriculture practice, carried out in plain areas along the river in summer, and is often
susceptible to floods.
Table 2-1: Landcover Presence Area (km2) and Percentages in Swat River Basin
Landcover

Area (km2)
% of the total area

Landcover

Barren

6
(0.04%)

Floodplain/Natural
vegetation in wet
areas

Barren
with sparse
vegetation

2671
(18.1%)

Orchards

Built area
Agriculture
Forest

253
(1.7%)
3617
(24.5%)
2993
(20.4%)

Range lands
Snow glaciers
Wet areas

Area (km2)
% of the total area
156
(1.06%)
80
(0.5%)
4097
(27.8%)
764
(5.2%)
80
(0.54%)
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2.2

Digital Elevation Model

Flood model requires 3D representation of the terrain for simulation and flood
hazard assessment. Further 3D river geometry constructed from river cross-sections
are used for the improvement of river route areas in DEM. DEM are typically
produced either from optical stereo imagery or through SAR interferometry. The
WorldDEM, SRTM, ASTER and the ALOS DEMs are available with global coverage
(Figure 2-2).

(a)
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(b)

(c)
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(d)
Figure 2-2: (a) WorldDEM (b) SRTM (c) ASTER (d ALOS)
The data for the SRTM 30m DEM was acquired through SAR sensor onboard
space shuttle in 2000. The SRTM DEM has linear vertical absolute height error of
±16 m, linear vertical relative height error of ±10 m. The ASTER 30m GDEM v1 was
generated from optical stereo data acquired by the ASTER operated on the NASA
Terra platform and was released in 2009. While the ASTER 30m GDEM v2 was
released in 2011. The ASTER GDEM v2 incorporates extensive improvements in
terms of coverage, spatial resolution, better horizontal and vertical accuracy, water
masking, and inclusion of new ASTER data to fill the voids and artifacts (NASA JPL,
2011). The ASTER GDEM v2 has vertical accuracy of ±20m at 95% confidence for
vertical data while 30m at 95% confidence for horizontal data. The ALOS World3D
30m (AW3D30) was generated using the optical stereo matching technique applied to
images acquired by the PRISM sensor onboard the ALOS. Moreover, AW3D30, a
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resample version resampling of the 5m World 3D Topographic Data, was released in
2015 by the JAXA. The ALOS has ±7m vertical and horizontal accuracy at 95%
confidence for vertical data as well as horizontal data. The WorldDEM with 12m
spatial resolution is the most recent global DEM based on the radar interferometry
(InSAR) of DLR TanDEM mission (TerraSAR-X and TanDEM-X) in a controlled
orbit with a base-line of 250-500m. The TanDEM conﬁguration provides across-track
and along-track interferometry. The WorldDEM has unprecedented accuracy i.e.
better than 4m and 6m absolute vertical and horizontal accuracy respectively at 95%
confidence.

2.3

Surface Roughness and Manning’s ‘n’

Flood model require roughness data for model calibration and validation.
Roughness data include estimates of the surface roughness coefficients for the river
and floodplain/2D flow area. Conventionally, Manning's ‘n’ values were used for
most of the flood modeling studies. Generally, the roughness values used in the model
has the most uncertainty among the flood model hydraulic variables. There is no
specific rule which allows the flood modelers to accurately determine the Manning
values for a situation with a high degree of confidence (Dyhouse, et al., 2003). Flood
modelers usually use remote sensing imagery for estimation of the floodplain ‘n’
values for different landcover classes i.e. vegetation, landuse, forest etc. Manning’s n
values for different channel are listed in Table 2-2.
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Table 2-2: Manning's n for Channels (Chow, 2009).
Type of Channel and Description

Minimum Normal Maximum

Natural streams - minor streams (top width at floodstage < 100 ft)
1. Main Channels
a. clean, straight, full stage, no rifts or
deep pools
b. same as above, but more stones and
weeds
c. clean, winding, some pools and shoals

0.025

0.030

0.033

0.030

0.035

0.040

0.033

0.040

0.045

d. same as above, but some weeds and
stones
e. same as above, lower stages, more
ineffective
slopes and sections
f. same as "d" with more stones

0.035

0.045

0.050

0.040

0.048

0.055

0.045

0.050

0.060

g. sluggish reaches, weedy, deep pools

0.050

0.070

0.080

h. very weedy reaches, deep pools, or
0.075
0.100
0.150
floodways with heavy stand of timber
and underbrush
2. Mountain streams, no vegetation in channel, banks usually steep,
trees and brush along banks submerged at high stages
a. bottom: gravels, cobbles, and few
0.030
0.040
0.050
boulders
b. bottom: cobbles with large boulders
0.040
0.050
0.070
3. Floodplains
a. Pasture, no brush
1.short grass

0.025

0.030

0.035

2. high grass

0.030

0.035

0.050

1. no crop

0.020

0.030

0.040

2. mature row crops

0.025

0.035

0.045

3. mature field crops

0.030

0.040

0.050

1. scattered brush, heavy weeds

0.035

0.050

0.070

2. light brush and trees, in winter

0.035

0.050

0.060

3. light brush and trees, in

0.040

0.060

0.080

b. Cultivated areas

c. Brush
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summer
4. medium to dense brush, in
winter
5. medium to dense brush, in
summer
d. Trees

0.045

0.070

0.110

0.070

0.100

0.160

1. dense willows, summer,
straight
2. cleared land with tree stumps,
no sprouts
3. same as above, but with heavy
growth of sprouts
4. heavy stand of timber, a few
down trees, little undergrowth,
flood stage below branches
5. same as 4. with flood stage
reaching branches
4. Excavated or Dredged Channels

0.110

0.150

0.200

0.030

0.040

0.050

0.050

0.060

0.080

0.080

0.100

0.120

0.100

0.120

0.160

1. clean, recently completed

0.016

0.018

0.020

2. clean, after weathering

0.018

0.022

0.025

3. gravel, uniform section, clean

0.022

0.025

0.030

4. with short grass, few weeds

0.022

0.027

0.033

1. no vegetation

0.023

0.025

0.030

2. grass, some weeds

0.025

0.030

0.033

3. dense weeds or aquatic plants
in deep channels
4. earth bottom and rubble sides

0.030

0.035

0.040

0.028

0.030

0.035

5. stony bottom and weedy
banks
6. cobble bottom and clean sides

0.025

0.035

0.040

0.030

0.040

0.050

1. no vegetation

0.025

0.028

0.033

2. light brush on banks

0.035

0.050

0.060

0.025

0.035

0.040

a. Earth, straight, and uniform

b. Earth winding and sluggish

c. Dragline-excavated or dredged

d. Rock cuts
1. smooth and uniform
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2. jagged and irregular

0.035

0.040

0.050

e. Channels not maintained, weeds and
brush uncut
1. dense weeds, high as flow
depth
2. clean bottom, brush on sides

0.050

0.080

0.120

0.040

0.050

0.080

0.045

0.070

0.110

0.080

0.100

0.140

1. neat surface

0.010

0.011

0.013

2. mortar

0.011

0.013

0.015

1. planed, untreated

0.010

0.012

0.014

2. planed, creosoted

0.011

0.012

0.015

3. unplanned

0.011

0.013

0.015

4. plank with battens

0.012

0.015

0.018

5. lined with roofing paper

0.010

0.014

0.017

1. trowel finish

0.011

0.013

0.015

2. float finish

0.013

0.015

0.016

3. finished, with gravel on
bottom
4. unfinished

0.015

0.017

0.020

0.014

0.017

0.020

5. gunite, good section

0.016

0.019

0.023

6. gunite, wavy section

0.018

0.022

0.025

7. on good excavated rock

0.017

0.020

8. on irregular excavated rock

0.022

0.027

0.015

0.017

0.020

2. random stone in mortar

0.017

0.020

0.024

3. cement rubble masonry,
plastered

0.016

0.020

0.024

3. same as above, highest stage
of flow
4. dense brush, high stage
5. Lined or Constructed Channels
a. Cement

b. Wood

c. Concrete

d. Concrete bottom float finish with sides
of:
1. dressed stone in mortar
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4. cement rubble masonry

0.020

0.025

0.030

5. dry rubble or riprap

0.020

0.030

0.035

1. formed concrete

0.017

0.020

0.025

2. random stone mortar

0.020

0.023

0.026

3. dry rubble or riprap

0.023

0.033

0.036

1. glazed

0.011

0.013

0.015

2. in cement mortar

0.012

0.015

0.018

1. cemented rubble

0.017

0.025

0.030

2. dry rubble

0.023

0.032

0.035

h. Dressed ashlar/stone paving

0.013

0.015

0.017

1. smooth

0.013

0.013

2. rough

0.016

0.016

e. Gravel bottom with sides of:

f. Brick

g. Masonry

i. Asphalt

j. Vegetal lining

2.4

0.030

0.500

Flood Model

Physical modeling is the most accepted and frequently used technique for
flooding simulation, flood hazard assessment and mapping (Masood and Takeuchi,
2011; Bahadur et al., 2015; Khattak et al., 2015). Flood models are classified as 1D
and 2D based on modeling approach. Detail of the 1D and 2D model are provided in
the following sections.

2.4.1

1D Model

In 1D flood model, terrain is represented by a sequence of river and floodplain
cross-section perpendicular to the flow direction. Water depth and the flow velocity
can be computed at every cross-section. However, flow and velocity in between cross-

23

sections must be interpolated from the known cross-section. It is generally assumed
that the flood water remains parallel to the river and has no perpendicular flow in 1D
model. This is the major limitation of the 1D flood model. 1D model are ideal for
those flooding situations where water flow remains confined to the channel. Certainly,
the computation time of the flood simulation is decisive in disaster management
decision support system. Interestingly, 1D flood models are more attractive as it
requires less computation time for flood simulation unlike the 2D flood model which
requires longer simulation time (Werner, 2001). HEC-RAS and MIKE 11 are the
popular 1D flood models and were developed by the US ACOE and Danish Hydraulic
Institute (DHI) respectively. However, ID model fails to accurately simulate water
depth and flow velocity when over bank flow occurs during a flood event
(Tennakoon, 2004). Flood inundation map provide crucial information like flood
extent, depth and potential flood damages to the disaster managers during the event. It
may be noted here that interpolation techniques are used to create 1D model output
for flood maps (Werner, 2001). The accuracy of the flood map based on the 1D
approach mostly relies on the accuracy of the simulation as well as river crosssections. According to the Werner (2001), the 1D flood may not be suitable option for
highly meandering rivers, especially when the channel sinuosity is greater than of the
floodplain.

2.4.2

2D Model

2D flood model has the capability to model the flow in both directions i.e.
along the river and perpendicular to the river. The 2D flood model main inputs are
terrain data, hydraulic parameters and hydrological boundary conditions. However,
unlike the 1D model, continuous representation of terrain is required in the 2D flood
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model. This characteristic of 2D model overcomes the limitation of the 1D model.
Like 1D model, the main output of the 2D flood model include flood depth, flood
velocity and flood extent. Among the popular 2D flood models are HEC-RAS 2D,
SOBEK, FLS, Flow2D, LISFLOOD, MIKE FLOOD, Telemac 2D, Flo2D Pro and
MIKE 21. Consequently, 2D model are commonly used for flood modeling in
complex floodplain topography. Horritt and Bates (2002) concluded that the synergy
between distributed observation and predictions has promoted the use of the 2D
models, whereas single point measurement i.e. stage or discharge are more compatible
with the 1D model. It is generally assumed that 2D model inputs and outputs within a
single cell are uniform. Since 2D model requires accurate and continuous
representation of the terrain, hence, selection of the suitable spatial resolution of the
DEM is crucial to represent floodplain. Generally, DEM with 1-5m spatial resolution
are used for urban and complex terrain representation. However, 2D model
computation time increases with increase in DEM spatial resolution. It is suggested
that the selection of the spatial resolution of the DEM should be made keeping in
view the floodplain characteristics as well as the model computation time. Werner
(2001) concluded that 2D flood model cannot support rapid flood assessment due the
disadvantage of the long computation time for flood event simulation. Finally, 2D
flood model are expensive in terms of the data, technical know-how and
computational requirements.

2.5

HEC-RAS Model

HEC-RAS model has the capability to perform ID, 2D and combined 1D/2D
unsteady flow routing (HEC, 2018). 2D flow modeling is achieved by including 2D
flow area component into the flood model. HEC-RAS flood model uses the 2D Saint
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Venant equations and the 2D Diffusive Wave equations for flood simulation (HEC,
2018). The 2D Saint Venant equations and 2D Diffusive Wave equations are
represented in Equation 2-2 and 2-3 respectively (HEC, 2018). Water Surface
Elevation in HEC-RAS is presented in Figure 2-3.

Figure 2-3: Water Surface Elevation in HEC-RAS
𝐻𝐻(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) = 𝑧𝑧(𝑥𝑥, 𝑦𝑦) + ℎ(𝑥𝑥, 𝑦𝑦, 𝑡𝑡)

(2-1)

Where H is the water surface elevation, z is the bottom surface elevation and h is the
water depth. Gradually varied unsteady flow in open channel is represented by
Equation 2-2 and Equation 2-3:
𝜕𝜕𝜕𝜕

+

𝜕𝜕𝜕𝜕

+ 𝑢𝑢
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(2-2)
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(2-3)
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Where u and v are the velocities in the cartesian directions, t is the time, q is the
source/sink flux term, g is the gravitational acceleration, v t is the horizontal eddy
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viscosity coefficient, c f is the bottom friction coefficient, R is the hydraulic radius and
f is the Coriolis parameter.
Momentum equation is represented in a single differential vector form Equation 2-4.
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑉𝑉. ∇𝑉𝑉 = − 𝑔𝑔 ∇𝐻𝐻 + 𝑣𝑣𝑡𝑡 ∇2 𝑉𝑉 − 𝑐𝑐𝑓𝑓 𝑉𝑉 + 𝑓𝑓𝑓𝑓 × 𝑉𝑉

(2-4)

Where the differential operator del (∇) is the Vector of the partial derivative operators
given by ∇= (𝜕𝜕/𝜕𝜕𝜕𝜕, 𝜕𝜕/𝜕𝜕𝜕𝜕) and k is the unit vector in the vertical direction. Every
term has a clear physical counterpart in the vector equations. From left to the right
there is the unsteady acceleration, convective acceleration, barotropic pressure term,
eddy diffusion, bottom friction and Coriolis term.
Gravity can be calculated by Somigliana formula mentioned in Equation 2-5.
𝑔𝑔 = 𝑔𝑔𝑜𝑜 �

1+𝑘𝑘 sin 2 ∅

�1−𝑒𝑒 2 sin 2 ∅

�

(2-5)

where ∅ is the latitude, 𝑔𝑔𝑜𝑜 is the gravitational acceleration at the equator, e is the
square of the eccentricity of the earth, and k is the normal gravity constant. Moreover,
Moreover, the latitude effect due to the earth rotation and equatorial bulge on the 𝑔𝑔
value is ±0.03%.

Eddy viscosity coefficient is represented by Equation 2-6.
𝑣𝑣𝑡𝑡 = 𝐷𝐷ℎ𝑢𝑢∗

(2-6)

where D is a non-dimensional empirical constant, and u * is the sheer velocity, which
can be calculated through Equation 2-7
𝑢𝑢∗ = �𝑔𝑔𝑔𝑔𝑔𝑔

(2-7)

R is the hydraulic radius and S denotes the energy slope which can be computed from
Chezy formula for bottom friction represented in Equation 2-8 below:
𝑐𝑐𝑓𝑓 =

𝑔𝑔|𝑉𝑉|
𝐶𝐶 2 𝑅𝑅

(2-8)

where 𝑔𝑔 is the gravitational acceleration, |V| is is the magnitude of the velocity vector,

C is the Chezy coefficient and R is the hydraulic radius. Empirical result shows that
27

Chezy coefficient can be estimated using the Gauckler-Manning-Strickler formula (in
short Manning’s formula) through Equation 2-9.
𝐶𝐶 =

𝑅𝑅 1/6

(2-9)

𝑛𝑛

where n is the coefficient of roughness and known as Manning’s n. Equation 2-10
gives bottom friction coefficient using Manning’s formula.
𝑐𝑐𝑓𝑓 =

𝑛𝑛 2 𝑔𝑔|𝑉𝑉|

(2-10)

𝑅𝑅 4/3

The last term of the momentum Equation 2-3 represents Coriolis effect. It shows that
the equation frame of reference is attached to the earth, which is revolving around its
axis. The Coriolis term vertical component is ignored in agreement with the shallow
water assumptions. The perceived horizontal force felt by object in the rotating frame
is proportional to the Coriolis parameter represented by Equation 2-11.
𝑓𝑓 = 2𝜔𝜔 sin 𝜑𝜑

(2-11)

where 𝜔𝜔 is the sidereal angular velocity of the earth and 𝜑𝜑 is the latitude.

In shallow frictional and gravity controlled flow, unsteady, advection, turbulence and
Coriolis terms of the momentum equation can be ignored to attain a simplified
version. In this case barotropic pressure gradient drives flow which is balanced by
bottom friction. Equation 2-12 represents simplified momentum equation or Diffusive
wave form of the momentum equation.
𝑉𝑉 =

−(𝑅𝑅(𝐻𝐻))2/3
𝑛𝑛

∇𝐻𝐻

∇𝐻𝐻 1/2

(2-12)

where V is the velocity vector, R is the hydraulic radius, n is the Manning’s n and ∇𝐻𝐻
is the surface elevation gradient.

Generally, the diffusive wave equation, obtained by ignoring the acceleration
terms in the Saint‐Venant equations, is used for river flood routing. Moreover, the 2D
Diffusive Wave equations have greater stability and allow the model to run faster
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(HEC, 2018). The 2D Saint Venant equations can be used for a wide range of
problems. Nevertheless, 2D Diffusive Wave equations can accurately model many
modeling situations. Within HEC-RAS the Diffusion Wave equations are set as the
default, however, the user can apply the full 2D Saint Venant equations (full
momentum) for their specific application. Moreover, the full momentum equation is
the more accurate option for situations including mixed flow regime, highly dynamic
flood waves, abrupt contraction and expansions, tidally influences conditions, general
wave propagation modeling and super elevation around bends. The implicit finite
volume algorithm used by the 2D unsteady flow equations solver allows larger
computational time steps than explicit methods (HEC, 2018). The finite volume
method with enhanced stability and robustness has edge over standard finite
difference and finite elements methods. The wetting and drying of 2D flow area cells
is very robust due to which 2D flow areas can handle abrupt change from totally dry
to wet. Furthermore, the algorithm can solve different flow regimes like subcritical,
supercritical and mixed flow. HEC-RAS 2D uses flow and stage hydrograph, normal
depth and rating curve, as boundary condition. HEC-RAS 2D model is calibrated
through parameters including manning n, contraction and expansion coefficient.
Manning n is for each landcover is defined. HEC-RAS 2D simulated output can be
viewed in the RAS Mapper. The output includes water surface elevation, depth,
velocity, arrival and recession time and duration.

2.6

HEC-GeoRAS

HEC-Geo RAS is an extension for HEC-RAS, which provides utilities for
flood model geospatial data processing in ArcGIS. The utility allows the user to
process, export and import HEC-RAS pre and post data into ArcGIS. User can
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process and develop geometric data including terrain, channel centerline, flow path
centerlines, main channel banks line, and cross-sections cutline for HEC-RAS model.
Additional layers i.e. landuse/landcover, levee alignment, ineffective flow areas and
storage areas can also be created. Moreover, HEC-GeoRAS processes flood model
simulated output which include water surface profile and velocity for floodplain
mapping, flood damage assessment, flood early warning and preparedness in ArcGIS
(HEC, 2018).
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3 Accuracy Assessment of Digital Elevation Models 1
3.1

Introduction

Flood hazard is common and damaging natural hazard around the world and
since 1900 caused over 200 US$ billions economic damages (Statistical Portal, 2015).
Developing and implementing strategies to minimize the flood induced damages
mainly rely on techniques and methodologies for flood hazard assessment and
eventually predictions (San and Suzen, 2005). Physical modeling is frequently and
effectively used for flood simulation and hazard assessment (Khattak et al., 2015;
Masood and Takeuchi, 2011) which requires an accurate representation of the
floodplain in the form of hydro-enforced terrain data. Hydrologic and flood
simulation models e.g. HEC-RAS 2D, RRI and MIKEFLOOD require Digital
Elevation Models (DEM) for model parameterizations including terrain slope, crosssections and flow pattern.

DEM is a quantitative representation of the Earth’s surface (Mukherjee et al.,
2013) and offers the most common method for extracting vital topographic
information for modeling of water flow across the topography. DEMs are frequently
and effectively utilized in variety of environmental analyses, including water flow
modeling, rainfall/snowmelt runoff estimation (Cai and Wang, 2006; Chappell et al.,
2006), flood inundation forecasting and management (Honghai and Altinakar, 2011;
Ramlal and Baban, 2008), climate and meteorological studies (Thornton et al., 1997).
The reliability of the derived results mainly relies on the accuracy of the utilized
DEMs (Kamp et al., 2003). Traditionally, DEMs were acquired from digitization and
1

This chapter is based on the pre-print version of the paper on Vertical Accuracy Assessment of
WorldDEM, SRTM, ALOS World3D and ASTER GDEM using ICESat Elevation Data – A Case
Study of Rive Swat (Khwazakhela – Chakdara).
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subsequent interpolation of the contours from the topographic maps, interpolation of
field based spot elevation samples and aerial photographs. However, this is not always
feasible given the time and budget constraints (Sanders, 2007) and a painstaking postprocessing of the collected data (Liu, 2008; Mandlburger et al., 2009; Merwade et al.,
2008). However, with advent of the satellite technology, DEMs are efficiently and
effectively produced by utilization the stereo pairs of the optical satellite data
(Advanced Spaceborne Thermal Emission and Reflection Radiometer Global DEM ASTER GDEM, Advanced Land Observing Satellite - ALOS World3D) and
Synthetic Aperture Radar (SAR) data (Shuttle Radar Topographic Mission - SRTM)
(Elkhrachy, 2017). More recently, DEM are produced from the Light Detection and
Ranging (LiDAR) airborne sensors (Xiaoye, 2008).

The horizontal and vertical

accuracies of the satellite based DEMs varies with spatial resolution, type of the
algorithm and type of the sensors used and often lead to uncertainties in the flood
model results. Inherent errors in the DEMs propagate to the derived topographic
parameters e.g. slope, aspect, flow directions, catchments. According to the Zhou and
Liu (2004), these errors are influenced by the DEM resolution, precision input data,
grid orientation and interpolation method. Moreover, they also mentioned that the
influence of the data precision on derived slope and aspect is highly related to the grid
resolution. Errors in the DEM are expressed through the horizontal accuracy and
vertical accuracy and are commonly presented in CE90 and LE90 respectively and
typically assessed at control points (Hengl et al., 2008). DEM accuracy for flood
model depends on the characteristics of the study area, such as floodplain with
relatively flat terrains requires high resolution of elevation data with high vertical
accuracy due to the complex water flow pattern compared to mountain areas. DEM
flow pathway representation is important for 2D flood model accuracy (Callow et al.,
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2007) and can be accomplished by hydro-enforcement of the DEM while there are
examples of hydro-corrected and uncorrected SRTM and ASTER GDEM products
used in single channel river systems flood modeling. Jarihani et al., (2015) tested the
SRTM and ASTER DEMs without correction along with vegetation smoothed and
hydrologically corrected versions to simulate flood events and found that
hydrologically corrected DEMs are more suitable in simulating floods compared with
vegetation smoothed DEMs and original DEMs.

DEM uncertainty is usually evaluated using descriptive statistics, Root Mean
Square Error (RMSE), image differencing or error maps, visualization techniques and
error propagation simulation techniques (Shafique and Meijde 2015; Wechsler, 2007;
Hirano et al. 2003; Bolstad and Stowe 1994; Sasowsky et al. 1992). RMSE accuracy
statistic provides a general indication of DEM quality and does not provide
information on the spatial structure, nature and extent of the DEM errors (Heuvelink,
2002). While errors map approach, requires an image of reference elevation to
compare with the DEM (Wechsler, 2007). Visualization techniques are valuable in
conveying the implications of the potential inaccuracies inherent in DEM data sets,
but they are not accompanied by quantitative results. Wechsler (2007) mentioned that
the above stated three approaches are not sufficient to characterize the DEM
uncertainty analyses, unless used in conjunction with error propagation simulation
techniques. Monte Carlo Simulation is the preferred method for quantifying the
impact of inherent errors in the DEM on the computed topographic attributes
(Wechsler, 2007).

Accuracy of the global DEMs like the SRTM, ASTER, ALOS are assessed
either by using Ground Control Points (GCP) measured by differential GPS or by
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using elevations from more accurate topographic maps (Hengl et al., 2008; Li et al.,
2012; Ludwig and Schneider, 2006). More recently, remotely-sensed altimetry data
such as the Geoscience Laser Altimeter System aboard the Ice, Cloud, and land
Elevation Satellite (ICESat/GLAS) has been effectively used for DEM accuracy
assessment and calibration (Carabajal and Harding, 2006; Leon and Cohen, 2012;
Rodriguez et al., 2006; Zhao et al., 2010). This approach is of particular interest in
remote areas across the globe, where lower numbers of registered survey marks are
usually available.

Floods are a frequent and persistent threat to the infrastructure and humans in
northern Pakistan. Flood modeling of the River Swat in northern Pakistan, a nonstructural measure, can mitigate the flood hazard in the Swat valley. Flood model
requires detail and accurate floodplain representation which is available in the form of
the global DEM. Since the global DEMs are subject to the intrinsic errors due to the
spatial resolution due to the method of the preparation and type of sensors used.
Accuracy assessment of the global DEM and WorldDEM with respect to the ICESat
and DGPS points are yet to be carried out in the Swat valley. In this paper, vertical
accuracy the WorldDEM, SRTM, ALOS, and ASTER DEMs is evaluated using the
ICESat and DGPS reference points. In addition, WorldDEM elevation errors were
assessed against WorldDEM slope, aspect and landcover.

3.2

Study area

The study area selected for this research is 60 km section of the River Swat
(Khwazakhela-Chakdara) in the Khyber Pakhtunkhwa Province of Pakistan (Figure 31). The study area is often affected by floods. The 2010 flood event inundated and
caused the massive losses ever recorded in history of the Swat (Malik et al. 2014).
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Study area lies in the lap of the Hindukush mountainous ranges and has altitudinal
variations ranging from 466 m to 2579 m (WorldDEM 12m). The annual rainfall in
the area fluctuates from 700 to 1,630 mm (Malik et al, 2014).

Figure 3-1: DEM Vertical Accuracy Assessment Study Area showing ICESat tracks
(black lines) and DGPS points (black triangle)
Swat River is a perennial river with 240 km length and 20,766 Km2 watershed
and is fed by rain, snow and glaciers melting. Landcover of the study area shows that
settlements and agriculture activities are mostly located along the banks of the River
Swat which are frequently affected by flood events. The dominant landcover classes
in the study area are Range land (27.34%), Agriculture (19.4%), Shrubs (17.75%),
and Forest (13.27%). Forest (conifer and deciduous) are located mostly on the
mountainous region (LCCS Khyber Pakhtunkhwa and FATA, 2015).

3.3

Elevation Data

Global DEMs, such as the SRTM and ASTER DEMs were downloaded from
the NASA’s (Earth Data Center, 2018) while the ALOS (AW3D30) from the JAXA’s
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(Earth Observation Research Center, 2018). The WorldDEM was provided by the
German Aerospace Center (DLR) as part of the TanDEM-X Science competition.
Specifications of the DEMs used in the study are listed in the Table 3-1. The SRTM,
ASTER, and ALOS elevation is based on Earth Gravitational Model 1996 (EGM96)
while WorldDEM is on EGM2008.

Table 3-1: Specifications of the utilized DEMs in the study
DEM

Ellipsoid

Resolution

CE 90

LE 90

WorldDEM

EGM2008

SRTM

12m

<6m

<4m

DLR

EGM96

30m

20m

16m

NASA’s Earth
Sciences Portal

ASTER
GDEM

EGM96

30m

30m

20m

NASA’s Earth
Sciences Portal

ALOS

EGM96

30m

7m

7m

Earth Observation
Center, JAXA

3.4

Source

Digital Elevation Model

The SRTM, ASTER and the ALOS DEMs with 30m spatial resolution are
available free of charge with global coverage. According to its mission objectives, the
SRTM DEM has linear vertical absolute height error of ±16 m, linear vertical relative
height error of ±10 m (Farr et al., 2007). Accuracy assessments of the SRTM DEM
conducted by the USGS, and the SRTM project team have shown the absolute vertical
error to be much smaller, with the most reliable estimates being approximately 5m
(Kellndorfer et al., 2004).

The ASTER Global DEM (GDEM) Version 1 was released in 2009. The
ASTER GDEM was generated from optical stereo data acquired by the ASTER
operated on the NASA Terra platform. The ASTER Global DEM (GDEM) Version 2
was released in 2011. The ASTER GDEM v2 contains significant improvements of
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the Version 1 (released in 2009) in terms of spatial coverage, refined horizontal
resolution, increased horizontal and vertical accuracy, water masking, and inclusion
of new ASTER data to supplement the voids and artifacts (NASA JPL, 2011).
Although vastly improved, some artifacts still exist in the form of abrupt rise
(humps/bumps) and fall (pits) which can produce large elevation errors on local scale
(Arefi and Reinartz, 2011). The ASTER GDEM has vertical accuracy of ±20m at 95%
confidence for vertical data while 30m at 95% confidence for horizontal data.

The ALOS World3D 30m (AW3D30) was released in 2015 by the Japan
Aerospace Exploration Agency (JAXA). The ALOS is resampling of the 5m mesh
version of the World 3D Topographic Data, which is considered to be the most
precise global-scale elevation data (JAXA, 2015). The ALOS DEM was generated
using the traditional optical stereo matching technique as applied to images acquired
by the Panchromatic Remote-sensing Instrument for Stereo Mapping (PRISM) sensor
onboard the Advanced Land Observing Satellite (ALOS) (Takaku et al., 2014). The
ALOS has ±7m vertical and horizontal accuracy at 95% confidence for vertical data
as well as horizontal data.

The WorldDEM with 12m spatial resolution is the most recent global DEM
based on the radar interferometry (InSAR) of DLR TanDEM mission (TerraSAR-X
and TanDEM-X) in a controlled orbit with a base-line of 250-500 m (Krieger et al.,
2013). The conﬁguration of the sensors and orbit allowed across-track and along-track
interferometry. The WorldDEM has better than 4m and 6m absolute vertical and
horizontal accuracy respectively at 95% confidence (WorldDEM Technical Product
Specification ver 2.0, 2015).
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3.5

Reference elevation data

The Geoscience Laser Altimeter System (GLAS) sensor data (GLAH14)
version 34 on board the Ice, Cloud, and land Elevation Satellite (ICESat) mission was
downloaded from the National Snow and Ice Data Center (National Snow and Ice
Data Center, 2017). The operating laser pulses at 40 Hz and the transmitted laser
pulse illuminates a spot on the Earth’s surface with a diameter of 65 m, and
successive spots are separated on the Earth’s surface by 172 m. The vertical accuracy
of the ICESat data over the land sub-meter while sub-decimeter level over most of the
ice sheets (Feng, and Muller, 2016). However, the vertical accuracy of the elevation
measurements over the land is affected by the surface roughness i.e. the combined
effect of slope, vegetation and cultural features (Carabajal 2011). Moreover, GLAH14
are used in the validation of DEMs (Zwally et al. 2012) and has absolute accuracy less
than one meter for the points selected in optimal weather conditions (Duong et al.,
2009). Similarly, Baghdadi et al. (2011) reported RMSE of 5 to 30 cm for GLAS data
over the Lake Leman while 1.14 m RMSE for river monitoring in France. The
determined RMSE was 1.14 m (bias ± std = 0.07 m ± 1.15 m). This result
demonstrates the difficulty of using GLAS data for rivers that are relatively smaller in
width (inappropriate saturation correction). Therefore, a factor of 10 was determined
for the GLAS precision between large lakes and small rivers. Two ground tracks
having length of 29.7 km and 26.7 km respectively acquired in 2003, were crossing
the study area at upstream (U/S) of the Khwazakhela (Figure 3-1). These ground
tracks containing 308 points were used for the accuracy assessment of the SRTM,
ASTER and ALOS DEMs for the study area. In addition to the ICESat, 306 Ground
Control Points (GCPs) with sub-meter accuracy randomly distributed over the
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location area was collected in field using Trimble RTK GPS for DEM accuracy
assessment.

3.6

DEM Accuracy Assessment

In this study four different techniques including descriptive Root Mean Square
Error (RMSE), image differencing for creation of error maps, drainage network and
Profile visualization were used for DEM uncertainty analysis. In first step, DEMs
were analyzed visually for terrain imperfections. The SRTM, ALOS, and ASTER
DEMs height reference was orthometric and were converted to ellipsoidal height
based on the EQ 3-1 (Grohmann, 2017) while WorldDEM (TanDEM-X DEM) was
provided in ellipsoidal height.
h = H + N

(3-1)

where h = ellipsoidal height, H = orthometric (geoid) height, N = geoidal separation.
The concept of the ellipsoidal and orthometric height is presented in the Figure 3-2.

Figure 3-2: Ellipsoidal versus Orthometric Heights (Source: GeoMobil Innovation)
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Geoidal separation or undulation factor was computed from the WGS84 layer
available in the ArcGIS library was varying from -34 in the east to -41 in the west part
of the study area. The average elevation difference between the EMG96 and 2008 is
0.5m and was not applied to the DEMs. Likewise, the GLAS elevations available to
users correspond to ellipsoidal heights with reference to the Topex ellipsoid were also
coverted to WGS84 through the EQ 3-2 (Baghdadi et al., 2011).
hWGS84 = hTopex − 70.7cm

(3-2)

For vertical accuracy assessment of the WorldDEM, SRTM, ALOS and ASTER
DEMs, 308 GLAS points and 306 Differential GPS (DGPS) points were used and
were assigned elevation from all DEMs by using the ArcGIS “Extract Multiple
Values to the Point” function. Attributes table was then exported to the Excel for the
computation of Root Mean Square Error (RMSE) through Equation 3-3 (Jing et al.;
2014).

𝑛𝑛

∑ �𝑍𝑍𝐷𝐷𝐷𝐷𝐷𝐷 −𝑍𝑍𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 �
RMSE = � 𝑖𝑖=1
𝑛𝑛

2

(3-3)

where Z DEM is the measurement of elevation from the DEM and Z Ref is the reference
elevation.

To detect and enumerate the elevation differences between the reference most
accurate DEM i.e WorldDEM and global DEMs (SRTM, ASTER and ALOS), a
difference image (error image) was produced. Pixel alignment is critical while
comparing different DEMs. However, no significant horizontal shifts between the
global DEMs and reference DEM were observed in study area. To quantify the impact
of terrain relief and land cover on elevation error, slope and aspect raster were
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computed for the DEMs. Slope was computed in degree and was reclassified into five
classes i.e. 0-7°, 8-15°, 16-25°, 26-35°, and 36-75° while terrain aspects were
reclassified into 8 classes, i.e. North (N), Northeast (NE), East (E), Southeast (SE),
South (S), Southwest (SW), West (SW), and Northwest (NW). The sensitivities of the
DEM vertical accuracy to terrain relief, aspect and landcover were investigated by
calculating errors for subsets of the data in different slope, aspect and landcover
categories.

Descriptive statistic and image differencing accuracy assessment

techniques deals with elevation consistency i.e. vertical accuracy between reference
elevation data and the SRTM, ALOS, and ASTER DEMs. Moreover, the DEMs were
assessed by comparing the x-section profiles extraction from the DEMs with ICESat
data and survey profile at the Khwazakhela and Chakdara Bridge. Profiles were
created in the ArcGIS by using the plot function. Surveyed X-Sections elevations
were in NSL format and were first converted from feet into meter. The above methods
do not provide information about the horizontal accuracy (X, Y) of the DEMs.
Finally, stream network delineated for the study area were used for the positional
accuracy assessment.

3.7

Results
3.7.1

Descriptive Statistics and Correlation between DEMs

Descriptive statistics based on the 308 ICESat and 306 DGPS Points of the
WorldDEM, SRTM, ALOS, and ASTER DEM and references is given in the Table 32. Furthermore, descriptive statistical analysis shows that the WorldDEM, SRTM,
ALOS, and ASTER has 5.85 m, 6.83 m, 8.17 m and 14.62 m RMSE respectively with
respect the ICESat points while 4.38 m, 7.83 m, 6.57 m and 14.17 m RMSE
respectively with reference to the DGPS points. Results shows that RMSE of Global
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DEM i.e. SRTM, ALOS, and ASTER is within their specified accuracies in the study
area mentioned in the Table 3-2.

Table 3-2: Descriptive statistics of accuracy assessment of the utilized DEMs
DEM

Min
(m)

Max
(m)

WorldDEM

424

2556

SRTM

666

ASTER
GDEM
ALOS

Mean
(m)

SD
(m)

RMSE
(m)
(Ref: ICESat)

RMSE
(m)
(Ref: DGPS)

1082.30 324.09

5.85

4.38

2622

1167.51 319.72

6.83

7.83

657

2596

1157.4

319.75

8.17

6.57

669

2617

1167.29 319.58

14.62

14.17

In order to compute the determination coefficient (R2) for the ICESat Vs
WorldDEM, SRTM, ALOS, and ASTER, scatter plot were created in Excel (Figure 33). R2 for the ICESat Vs WorldDEM, SRTM, ALOS, and ASTER was 0.998983,
0.998716, 0.997959, and 0.995777 respectively. While R2 for the DGPS Vs
WorldDEM, SRTM, ALOS, and ASTER was 0.999113, 0.997223, 0.998082, and
0.994625 respectively. The analysis shows that ICESat data and WorldDEM as well
as DGPS and WorldDEM elevation are closely correlated compared to the SRTM,
ASTER and ALSO DEMs.
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Figure 3-3: Scater Plot (a) ICESat Vs WorldDEM (b) ICESat Vs SRTM (c) ICESat
Vs ALOS (d) ICESat Vs ASTER
3.7.2

Effect of slope classes on DEM accuracy

Slope analyis shows that the WorldDEM has the best vertical accuracy with
reference to the ICESat elevation points in the River Swat floodplain followed by the
ALOS, SRTM and ASTER DEMs. DEM RMSE in the floodplain with slope 0o-7o are
listed in the Table 3-3a.
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Table 3-3: RMSE of WorldDEM, SRTM, ALOS, ASTER DEMs in River Swat
Floodplain with respect to (a) ICESat Reference Elevations (b) DGPS Elevations
Slope (o)

RMSE (m)
WorldDEM

SRTM

ALOS

ASTER

0-7

1.45

3.50

3.02

9.25

8-25

3.93

5.51

7.08

15.79

> 26

11.73

15.02

16.00

23.52

ALOS

ASTER

(a)
Slope (o)

RMSE (m)
WorldDEM

SRTM

0-7

3.22

5.37

4.08

8.82

8-25

4.94

10.01

7.98

21.22

> 26

7.76

12.73

14.29

9.45

(b)
Likewise, Table 3-3b provides DEM RMSE in different slope with reference
to the DGPS elevation points. Moreover, WorldDEM RMSE with reference to the
DGPS points within the three slope groups is higher than RMSE with reference to the
ICESat points and agrees with WorldDEM specification mentioned i.e. absolute
vertical accuracy should be <4 m and <10 m for slopes <0% and >20%, respectively.
Table 3-3 shows that river valley with slope 0o-7o has minimum RMSE for the
WorldDEM while maximum for the ASTER DEMs. Figure 3- 4a&b shows
WorldDEM RMSE distribution in different slope groups with respect to the ICESat
and DGPS Points. Results in Figure 3-4a&b shows that WorldDEM RMSE with
reference to the ICESat and DGPS points increases beyond 15°.
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(a)

(b)
Figure 3-4: WorldDEM Elevation Error (a) WorldDEM Elevation Difference with
reference to ICESat Vs WorldDEM Slope (b) WorldDEM Elevation Difference with
reference to DGPS Vs WorldDEM Slope
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3.7.3

Effect of Aspect on DEM accuracy

Figure 3-5a&b shows the WorldDEM elevation difference distribution with
respect to the ICESat and DGPS elevation points in different aspect zones.

(a)

(b)
Figure 3-5: WorldDEM Elevation Error (a) WorldDEM Elevation Difference with
reference to ICESat Vs WorldDEM Aspect (b) WorldDEM Elevation Difference with
reference to DGPS Vs WorldDEM Aspect
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WorldDEM elevation difference with reference to ICESat elevation points is
maximum i.e. -25m to -55m in South and South West and West aspect regions while
minimum i.e. ±5m in the North, North East. While, the maximum RMSE error in the
same aspect zones is -17m with reference to DGPS points.

3.7.4 Effect of land cover on DEM accuracy

WorldDEM elevation differences with respect to the ICESat and DGPS Points
in the different landcover are shown in Figure 3-6a&b. The analysis shows that
elevation differences are higher in the mountain agriculture which can be correlated
with the DEM aspect zone while in forest it is up to the 10m. The reason for higher
error in forest zone is due to the fact that the WorldDEM is based on the TanDEM-X
mission which acquires data in X-band. The TanDEM DEM measures canopy height
due to non-penetration capabilities of X-band in forest canopy. Therefore, based on
these result, it can be ascertained that ICESat measured ground height. Pinel et al.
(2015) reported that all DEMs produced using SAR interferometry have higher
elevation errors over vegetated areas due to the vegetation bias which depends on the
vegetation height, tree crown shape and vegetation density. Becek, (2011)
demonstrated that the vegetation bias or forest impenetrability is approximately 60%
of the tree height. While higher errors in mountain agriculture can be attributed to
deforestation. Hence, it can be concluded that elevation difference cannot be
correlated directly with landcover while ignoring the slope and aspect attributes of the
DEM in the study area. DEM error can be also attributed to the ICESat data error in
mountainous area.
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(a)

(b)
Figure 3-6: WorldDEM Elevation Error (a) WorldDEM Elevation Difference with
reference to ICESat Vs landcover (b) WorldDEM Elevation Difference with reference
to DGPS Vs landcover
3.7.5 Raster based accuracy assessment

The image differencing (Figure 3-7) shows that elevation differences for the
global DEMs are higher in the high elevation zone compared to the flat areas.
Negative values indicate that global DEM has elevation values lower than the
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WorldDEM, while positive values indicate that the global DEM elevation values are
higher than theWorldDEM. For the SRTM and the ALOS DEMs, the mean difference
was -39 m while for the ASTER -29, which indicated that mean elevations of the
SRTM, ALOS and ASTER were lower compared to the reference DEM i.e.
WorldDEM. Moroever, the mean difference for the global DEMs also endoreses the
RMSE results. In other words, global DEMs underestimated elevations. The SRTM,
ALOS, and ASTER DEMs difference maps (Figure 3-7) shows that elevation
differences are more in the mountainous terrain as compared to the valley.

(a)
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(b)

(c)
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(d)
Figure 3-7: (a) WorldDEM (b) WorldDEM Minus SRTM (c) WorldDEM Minus
ALOS (d) WorldDEM Minus ASTER
DEM difference Min, Max, Mean, and SD are listed in the Table 3-4. The image
differening statistics shows that mean elevation difference in the River Swat valley
varies from -1m to 9.29m (Table 3-4). Moreover, elevation difference for WordDEMSRTM, WorldDEM-ALOS and WorldDEM-ASTER varies from -19m to 20m, -33m
to 64m, and -43m to 50m respectively. While The differential image shows that errors
are larger in forested areas than in settlements or agricultural areas. The difference
between the SRTM and the WorldDEM is due to the fact that SRTM is C-band based
which can penetrate partially in trees and vegetation (Blumberg 2006) while the
WorldDEM use X-band which cannot penetrate in canopy. Another reason for such
difference is the landcover changes due to the different time frame of the two datasets.
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Table 3-4: Descriptive statistics of DEMs based on DEM Differencing
Comparison

Min (m)

Max (m)

Mean (m)

SD (m)

WorldDEM Minus SRTM

-975

287

-1

11.60

WorldDEM Minus ASTER

-931

360

9.29

16.80

WorldDEM Minus ALOS

-991

267

-0.98

12.50

3.7.6 Profile Assessment

Cross-sections profiles were extracted from the WorldDEM, SRTM, ASTER,
and ALOS DEMs at the Khwazakhela, Kanju, and Chakdara Bridges and were
compared with available surveyed X-sections (Figure 3-8). Elevations of the DEMs
X-sections are orthometric based while surveyed X-sections are NSL based. Elevation
differences cannot be compared due to the non-availability of the local geoid
undulating factor. However, comparison was based on the X-sections shape. Analysis
shows that the WorldDEM represents River Swat flood plain better than the SRTM,
ALOS and ASTER DEMs at the X-sec locations. The difference between min and
max elevations of the surveyed X-sec is 12m, 7m and 8m at the Khwazakhela, Kanju,
and Chakdara Bridges respectively (Figure 3-8).
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Figure 3-8: Comparison of DEM based X-Section versus Survey Cross-section at (a)
Khwazakhela, (b) Kanju and (c) Chakdara Bridges
The WorldDEM, SRTM, ALOS and ASTER elevation difference at the
Khwazakhela Bridge are 6m, 6m, 2m and 12m respectively (Figure 3-8a). ASTER
and ALOS DEMs failed to represent the river geometry correctly. Likewise, the
WorldDEM, SRTM, ALOS and ASTER elevation difference at the Kanju Bridge are
9m, 7.5m, 4m and 4.5m respectively (Figure 3-8b). The WorldDEM X-sec did not
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match surveyed X-sec. The WorldDEM, SRTM, ALOS and ASTER elevation
difference at the Chakdara Bridge are 6m, 8m, 2m and 5m respectively (Fig. 8c).
Similar to the Khwazakhela, ASTER and ALOS DEMs not only failed to represent
river geometry, but also estimated river X-sec depth at the Chakdara. DEMs profile
assessment, shows that the WorldDEM represent floodplain better than the SRTM,
ASTER and ALOS DEMs. Furthermore, analysis also conclude that the ALOS and
ASTER cannot be used for floodplain terrain representation in flood model due to the
under estimation of river geometry.

3.7.7 Drainage network assessment

Drainage network based on the SRTM, ASTER GDEM and ALOS DEMs
were analyzed in the ArcGIS for the consistency. The analysis (Figure 3-9) shows that
network is more than 95% in agreement in mountainous region while flat areas like
the River Swat valley shows mismatching. ASTER and ALOS DEM flow path are
closely correlated due to the common source i.e. optical data.

54

Figure 3-9: Stream network of the SRTM, ALOS and ASTER overlaid on SRTM
DEM
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3.8

Discussion

In this study vertical accuracy assessment of the global DEMs namely
WorldDEM, SRTM, ASTER GDEM and ALOS World3D was carried out in a section
of the River Swat streching from the Khwazakhela Bridge to Chakdarra Bridge with
referenc to the ICESat and DGPS elevation data. Vertical accuracy for the
WorldDEM, SRTM, ALOS and ASTER DEMs resulted in RMSE of ±5.85 m, ±6.83
m, ±8.17 m and ±14.62 m respectively with reference to ICESat elevation while ±4.38
m, ±7.83 m, ±6.57 m and ±14.17 m respectively with respect to DGPS points.
Moreover, Vertical accuracy of the WorldDEM, SRTM, ALOS and ASTER
elevations data with respect to the ICESat and DGPS points are closely related as the
RMSE differs by 1 m only. Based on the RMSE, the WorldDEM was found to be the
most accurate DEM in comparison to the SRTM, ASTER GDEM and ALOS DEMs
in depicting true ground elevations. Moreover, analyses presented in this paper
indicate that the absolute vertical accuracy of WorldDEM 12m data in River Swat
floodplain proven to be better than the reported RMSE error by using ICESat GLAS
elevation and DGPS as a reference for our datasets. The higher accuracy of the
WorldDEM is in agreement with study carried out by (Wessel et al 2014) for
validation of the WorldDEM in three different regions Saskatchewan/Manitoba in
Canada (flat, agriculture land), Kursk in Russia (grassland, agriculture land), and
Australia (hilly, arid area) using ICESat data. As per their findings, the standard
deviation for the Australian test site was 0.9m and around 2m for Canadian site. The
main reason for the higher standard deviation for the Canadian test site seems typical
for special forested areas. Becek et al. (2016) also found higher accuracy of the
WorldDEM compared to the SRTM and ASTER DEMs. The signiﬁcantly smaller
RMSE in floodplain for WorldDEM is most likely a result of a few factors including
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the larger number of data takes acquired during the TanDEM-X mission, the
sophisticated two-satellite solution (the bi-static mode).

The 30m SRTM, ASTER, and ALOS DEMs RMSE was within their reported
absolute vertical accuracy. Moreover, the ASTER elevations showed the lower
accuracy with RMSE values of about ±14.62m and 14.17m with reference to the
ICESat and DGPS points. However, RMSE values agrees with formally stated
accuracy range of ASTER elevations i.e. 10–25 m (ASTER Validation Team, 2009).
These results disagree with studies carried out in Altiplano watershed (Satge et al.
2015), in Germany (Ensle et al., 2012), in South Amercia (Carabajal, 2011), in Saudi
Arabia (Elkhrachy, 2017), continental scale accuracy assessment of ASTER GDEM
(Takaku et al. 2016) and in India (Patel et al. 2016.

Satge et al. (2015) reported RMSE values 9.0 m and 11.1 m for ASTER
GDEM v2 and SRTM v4 respectively. Likewise, (Ensle et al., 2012) reported 6.3 m
RMSE for Germany and Carabajal, 2011 reported 8.8 m RMSE for the entirety of
South America relative to the ICESat data. Moreover, Takaku et al. (2016) evaluated
the vertical accuracy of the Advanced World 3D (AW3D) 5m DEM using ICESat
data and reported absolute/relative accuracy on a continental scale in comparison with
the target accuracy of 5 m RMSE. However, RMSE results for the SRTM, ALOS and
ASTER DEMs are in partial agreement with the studies carried out in the SRTM and
ASTER evaluation study in Western Australia (Hirt et al. 2010), SRTM evaluation for
Mount Carleton in Canada Mangoua and Goïta, 2008), ALOS study over Bhutan
(Takaku et al. 2016) and ALOS, SRTM and ASTER evaluation over Cameroon (Yap
et al., 2018). Hirt et al. (2010) evaluated the SRTM v 4.1 and ASTER GDEM v 1
over Western Australia based on a set of geodetic ground control points and reported
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vertical accuracy of 6 m and 15 m for SRTM and ASTER respectively. Mangoua and
Goïta (2008) assessed the SRTM data for Mount Carleton in Canada and found that
RMSE is 15.6 m. (Yap et al., 2018) Evaluated global DEMs (AW3D30, SRTM 1 and
ASTER GDEM 2) over Cameroon using 555 GPS/leveling points and reported
overall vertical accuracies in terms of RMSE 13.06 m, 13.25 m and 18.87 m for
AW3D30, SRTM 1 and ASTER GDEM 2 respectively.

Finally, ASTER GDEM and SRTM vertical accuracy results are in agreement
with the results of (Eckert et al. 2015) study in hilly and mountainous terrain, ASTER
GDEM and SRTM Study in China (Li et al., 2013). Eckert et al. (2015) reported
RMSEs between 15m and 20m in hilly terrain and approximately 30m in mountainous
terrain for the ASTER DEM using accurate and well-distributed GCPs. Likewise, (Li
et al., 2013) evaluated absolute vertical accuracy of the ASTER GDEM and SRTM at
ﬁve study sites in China using ground control points (GCPs) and concluded that the
ASTER GDEM has RMSE values ranging from 12.1 to 29.0 m against GCPs, which
are slightly higher than the RMSE values of SRTM (7.6–25.0 m). Furthermore,
height differences in the GDEM-SRTM comparison appear to be overestimated in the
areas with a south or southwest aspect in the ﬁve study areas. To conclude, the RMSE
values for ASTER GDEM are also endorsed by the (Lang and Welch 1999)
suggestion that RMSE values for ASTER DEMs should be on the order of 10 to 50
meters based on the algorithm used for the DEM generation. Moreover, they also
mentioned that DEMs produced in other mountainous areas have a preferential failure
mode especially in areas with an aspect of 340o – 140o or slopes over 35o.

According to the Wu et al. (2008), slope along with aspect is fundamental in
determining the flow directions. The reason for the flow path mismatching in the
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valley includes different slope values, aspect, ASTER and SRTM look angle and high
resolution optical imagery. Gorokhovich and Voustianiouk (2006) observed that slope
and aspect characteristics of the terrain have significant impact on the CGIAR- SCI
SRTM data. They also concluded that the accuracy particularly suffers on terrain with
slope higher than 10°. Mangoua and Goïta (2008) assessed the SRTM data and found
vertical accuracy is terrain class dependent and accuracy particularly suffers with
slope values higher than 15°. Likewise, Jing et al. (2016) evaluated SRTM and
ASTER GDEM ver 1 and 2 over southern china and found that accuracy of theses
DEMs decreases signifiacntly i.e. doubled (15m) in terrain with slope values greater
than 10o. Moreover, Jing et al. (2016) also observed that SRTM and ASTER GDEM
ver 2 underestimated elevation in locations facing the North and Northwest directions,
while South- and Southeast-facing directions were overestimated in addition to the
higher RMSE (nearly 15m) in forest landcover. The WorldDEM elevation difference
with respect to the ICESat data in the forest is up to the 10m. The reason for higher
error in forest zone is due to the fact that the WorldDEM is based on the TanDEM-X
mission which acquires data in X-band. The TanDEM measures canopy height due to
non-penetration capabilities of X-band in forest canopy. Therefore, based on these
result, it can be ascertained that ICESat measured ground height. Pinel et al. (2015)
reported that all DEMs produced using SAR interferometry are higher over vegetated
areas due to the vegetation bias which depends on the vegetation height, tree crown
shape and vegetation density. Becek, (2011) demonstrated that the vegetation bias or
forest impenetrability is approximately 60% of the tree height. While higher errors in
mountain agriculture can be attributed to deforestation. Hence, it can be concluded
that elevation difference cannot be correlated directly with landcover while ignoring
the slope and aspect attributes of the DEM in the study area. DEM error can be also
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attributed to the ICESat data error in mountainous area. This outcome is agreement
with the study of the WorldDEM validation in three different landcover (flat,
agriculture land, forest) by Wessel et al. (2014). The standard deviation was around
2m for Canadian site. Furthermore, they found that forested regions in North America
and Russia have higher mean differences for ICESat points ranging from 2m to 6m or
even up to 10m, i.e. TanDEM level seem to be systematically higher than ICESat in
these regions. This was expected in forest region as ICESat and TanDEM-X are
measuring different height levels, especially over forest. For ICESat the centroid
height of the returned signal is chosen whereas the X-Band SAR measures the top of
the canopy. This might confirm lower heights of ICESat over forest. Slope analyis
shows that the WorldDEM has the best vertical accuracy in the River Swat floodplain
followed by the SRTM , ALOS and ASTER DEMs. However, the WorldDEM
accuracy decreases when slope increases beyond 15o. This result is also in agreement
with WorldDEM reported accuracies for slope higher than 20o (WorldDEM Technical
Specification).

A limitation of this study is the coarser availability of DGPS points which can
ascertain the vertical accuracy of ICESat data.

3.9

Conclusion

In this study, three free global DEMs; SRTM, ASTER GDEM, and ALOS and
WorldDEM were analyzed for vertical accuracy assessment against the ICESat
elevation data and DGPS points in River Swat study area. Vertical accuracy
assessment using 308 ICESat and 306 DGPS elevation points in River Swat model
study area shows that ALOS, ASTER GDEM2 and SRTM underestimated true
ground elevations. Vertical accuracy of the WorldDEM, SRTM, ALOS and ASTER
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elevations data using 308 ICESat elevation and 306 DGPS points are ±5.85 m, ±6.83
m, ±8.17 m and ±14.62 m and ±4.38 m, ±7.83 m, ±6.57 m and ±14.17 m respectively.
Moreover, Vertical accuracy of the WorldDEM, SRTM, ALOS and ASTER
elevations data with respect to the ICESat and DGPS points are closely related as the
RMSE differs by 1 m only. Among the four, WorldDEM was found to be the most
accurate in depicting true ground elevations as this DEM has the lowest RMSE
among the four. The 30m SRTM, ASTER, and ALOS DEMs RMSE was within their
reported absolute vertical accuracy. Analyses presented in this paper indicate that the
absolute vertical accuracy of WorldDEM 12m with respect to the DGPS points for
our datasets proven to be better than the RMSE by using ICESat GLAS elevation as a
reference. Slope analyis shows that WorlDEM has the best vertical accuracy in the
River Swat floodplain followed by ASTER, ALOS and SRTM DEMs. However,
WorldDEM accuracy decreases when slope increases beyond 15o.

The image differencing shows that elevation differences for global DEMs with
respect to the WorldDEM are higher in the high elevation zone compared to the flat
areas. Likewise, WorldDEM RMSE is minimum i.e. ±5m in the North, North East
while maximum i.e. -25m to -55m in South and South West and West aspect regions
with reference to the ICESat data. However, RMSE for WorldDEM with respect to
the DGPS points is -17m in the same aspect zone. The landcover analysis shows that
elevation differences are more in mountain agriculture which can be correlated with
WorldDEM aspect while in forest it is up to the 10m. Based on the analysis,
WorldDEM elevation difference cannot be correlated directly with landcover while
ignoring the slope and aspect attributes. DEMs profile assessment shows that
WorldDEM represent floodplain better than SRTM, ASTER and ALOS DEMs.
Furthermore, analysis also conclude that ASTER cannot be used for floodplain terrain
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representation in flood model due to the under estimation of river geometry.
Moreover, ICESat tracks profile located U/S of Khwazakhela Bridge shows that
WorldDEM profile in agreement with ICESat data.

Analysis shows that WorldDEM has the lowest RMSE in the study area as
well as in less steep areas. Hence, WorldDEM can be used for the floodplain
representaion in the flood model simulation. Finally, simulated flood extent can be
used for the flood hazard assessment which will work as baseline for flood
contingency planning.
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4 Flood Frequency Analysis 2
4.1

Introduction

Flood frequency analysis is widely used for the estimation of flood return
periods and their probability based on the long-term discharge data. Frequency
analysis of extreme flood events, is significant for flood hazard and risk assessment
and subsequently mitigating their devastating impacts (Benameur et al., 2016;
Millington et al., 2011; Renard et al., 2013). Flood frequency methods, vary from
statistical i.e. directly applied on the long-term annual maximum observed discharge,
to rainfall runoff simulation models which simulate deigned rainfall event in to the
flood inundation (Saghafian et al., 2013). Moreover, Saghafian et al. (2013)
concluded that confidence on statistical flood frequency analysis depends on the
selected probability distribution function, estimation of the function parameters,
length of the observed annual maximum discharge and possible outliers. Millington et
al. (2011) applied statistical distributions to the historical long-term discharge data for
predicting flood design events. Probabilistic method is commonly used in hydrology
(Helsel and Hirsch 2010) for forecasting future scenarios based on the existing data
(Kamal et al., 2016). (Rahman et al., 2013) concluded that choice of a suitable
probability distribution and associated parameter estimation method is of foremost
importance in at-site flood frequency analysis. Millington et al. (2011) and Rahman et
al. (2013) concluded that LP3, GEV, Gumbel Maximum and generalized Pareto
distributions are top best-fit based on the ranking of goodness of fit based on their
studies in upper Thames watershed in UK and Australia. Gumbel maximum value,

2

This chapter is based on the publication “Flood Frequency Analysis of River Swat using Log Pearson
Type-III, Generalized Extreme Value, Normal and Gumbel Max Distributions Methods” published in
Arab Geo Science Journal
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Generalized Pareto and Log Pearson type 3 distributions are effectively used to
calculate the flood intensity of different return periods (Benameur et al., 2016; Bezak
et al., 2014; Kamal et al., 2016; Khattak et al., 2015; Singo et al., 2013). Rulfova et al.
(2016) used GEV for precipitation frequency analysis. Cunnane (1989) found that 3 to
4 parameter distributions have less bias. Kamal et al. (2016) concluded from his study
that LP3 gives good result for large sample size while Gumbel is good for low sample
size. Khan et al. (2011) assessed flood risk of River Indus (Jinnah Barrage - Kotri
Barrage) by estimating probable maximum flood (PMF) based on annual flood peak
discharge data (1942-2008). Khan fitted Normal, Log-normal, and Weibull
distributions to the observed data and used AD test for the best fit distribution
selection. Liu et al. (2014) carried out regional frequency analysis (RFA) for annual
maximum events based on the method of L-moments. Deng et al. (2015) studied the
impact of landcover changes on the design flood estimation and concluded that flood
peak and associated volume have decreased. Distribution parameters can be estimated
by three different methods namely methods of L-Moments, method of moments
(MOM) and maximum likelihood estimators (Bezak et al., 2014; Kamal et al., 2016).
Rowinski et al. (2001) concluded that L-Moments are unbiased and more widely used
while the MOM method is good for limited range of parameters.

Goodness of fit tests are used in flood frequency analysis to find the best
distribution to fit the observed data (Millington et al., 2011). Anderson-Darling (AD),
Kolmogorov-Smirnov (KS), Chi-Squared (χ2), Akaike Information Criterion (AIC),
Mean Absolute Error (MAE), Root Mean Square Error (RMSE), Relative Mean
Absolute Error (RMAE) and are recommended for the goodness of fit tests based on
performance (Bezak et al., 2014; Mamoon and Rahman, 2016; Millington et al.,
2011). The Chi-Squared test is not considered a high power statistical test (Cunnane,
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1989). Over the period, different software packages like EasyFit were developed
which fit distributions automatically to the observed data and provide best fit by
applying AD, KS, and Chi-Squared tests.

In Pakistan, frequency of the flood events has drastically changed in the recent
past and floods in years of 2010, 2011, 2013, 2014, and 2015 reflects change in flood
frequency and magnitude. Swat valley in northern Pakistan, has also witnessed a
drastic change in flood events which demands accurate flood frequency analysis.
Statistical distributions of the observed data in the Swat valley is yet to be
investigated for the estimation of flood return periods and magnitude, so that impact
of the floods on the community and infrastructure can be mitigated. Furthermore,
flood managers require flood frequency and magnitude for 2, 5, 10, 25, 50, and 100
years return periods to simulate design flood events for flood inundation and risk
mapping. This paper aims to evaluate flood frequency analysis techniques and to find
the best fit distribution out of LP3, GEV, Normal and Gumbel Maximum to the given
data and to calculate return periods for 2, 5, 10, 25, 50, and 100 years based on the
best fit distribution parameters.

4.2

Study area

Swat River is a perennial river with 240km length and 14,737km2 watershed
and is fed by rain, snow and glaciers melting. There are four gauge stations located at
the Khwazakhela Bridge, Chakdara Bridge, Panjkora river and Munda Headwork
(locations are shown in Figure 4-1 and pictures are shown in Figure 4-2). Observed
discharge at Chakdara Bridge gauge station includes Khwazakhela reading and
additional contribution from left and right tributaries. The study area is comprised of
River Swat watershed located in the Khyber Pakhtunkhwa Province of Pakistan
65

(Figure 4-1). Study area lies in the lap of the Hindukush mountainous ranges and has
altitudinal variations ranging from 299 to 5898m ASL (SRTM 90m). Climatically,
summer is short and winter is long in the Swat Valley. June is the hottest month with
mean maximum and minimum temperature of 33°C and 16°C, respectively whereas
January is the coldest month with mean maximum and minimum temperature of 11°C
and -2°C, respectively. The annual rainfall fluctuates from 700mm to 1,630mm.

Figure 4-1: Location map of the study area
Swat Valley is highly susceptible to flooding due to monsoon rainfall coupled
with snow melting, rough terrain and anthropogenic factors (Malik and Ahmed,
2014). The valley has experienced disastrous floods in the years of 1973, 1992, 1993,
1994, 1995, 1996, 2001, 2005, 2010 and 2016 (Bahadar et al., 2015). The Flood2010
was the most catastrophic (Figure 4-2) in the history of Swat, with 86 fatalities, killing
9800 livestock, destroyed 4000 houses, washed several bridges and damaged the
Amandara and Munda Headworks (FFC, 2010; Rahman and Khan, 2011).
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(a)

(b)

(c)

(d)

Figure 4-2: (a) Chakdara and (b) Khwazakhela gauge station while (c) and (d) shows
damages caused by Flood2010 (road and bridge in Madyan, Swat).

4.3

Material

Annual maximum discharge (m3/s) for the period of 1980 to 2016 recorded at
the Khwazakhela, Chakdara, Panjkora and Munda gauge stations were collected from
the Provincial Irrigation Department, Government of Khyber Pakhtunkhwa and were
used for the distribution fitting and flood recurrence calculation.
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Table 4-1: Detail states of hydrological data at gauge stations
Length of
Gauge Station

Record

Historical
Mean

SD

Skewness

Maximum

(Years)
Khwazakhela

33

Chakdara

(m3/s)
1408

1141.17

1.55

4,971 (2010)

33

1713.45 1466.83

1.52

6,230 (2010)

Panjkora

33

717.04

650.40

3.12

3,708 (2010)

Munda

33

2263.96 1743.09

2.91

9,911 (2010)

Headwork
Table 4-1 provides mean, standard deviation and skewness of the observed
annual peaks at the Khwazakhela, Chakdara, Panjkora, and Munda Headwork in
addition to the observed historical maximum flood. While Figure 4-3 depicts the time
series of the observed flood peaks at theses gauges stations. Table 4-1 shows that all
of the four distributions are positively skewed or skewed toward right i.e. right tail of
the distribution is longer than the left.
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Figure 4-3: Time series of Annual Flood Peak at Khwazakhela, Chakdara, Panjkora
and Munda Headwork Gauge Stations
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4.4

Methods

River Swat basin is spread over 14,737km2 and was divided into four subbasins based on the gauge stations namely Khwazakhela, Chakdara, Panjkora, and
Munda Headwork (Figure 4-1). Shuttle Radar Topographic Mission (SRTM) 90m
hydro-enforced DEM was downloaded from World Wildlife Fund (WWF) and
processed in ArcGIS software using Hydrological analysis toolbox for delineation of
Swat River basin, sub-basin, watershed and stream network. Khwazakhela, Chakdara
(until downstream of Khwazakhela), Panjkora, and Munda Headwork sub-basins are
spread over 3,694, 2,124, 4,289, 3,560 km2 respectively. The reason to split sub-basin
upstream of Chakdara until Khwazakhela was to estimate the contribution of
tributaries.

The GEV, EV1, LP3, and Normal distributions are commonly used in
hydrological applications for estimating extreme values of observed data. The LP3
and GEV distributions use three parameters i.e. location, scale and shape (Table 4-2)
while Gumbel and Normal distributions are two parameters i.e. location and scale
(Millington et al., 2011; Maidment, 1993). Details of the statistical distributions are
given by McCuen (2003); Hosking (1997); Maidment (1993).

Table 4-2: Distributions and their parameters and parameter estimation method
Distribution Name

Parameters

Generalized
Extreme Value
Gumbel Max/EV1

Shape (k), Scale (σ),
Location (μ)
Scale (σ), Location
(μ)
Shape (α), Scale (β),
Location (γ)
Scale (σ), location
(μ)

Log-Pearson 3
Normal

Parameter Estimation
Method
Method of L-moments
Method of moments
Method of moments
Maximum likelihood
method
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The GEV distribution is comprised of continuous probability distributions that
combines the Gumbel (EV1), Frechet and Weibull distributions and make use of
location, scale and shape parameters for distribution fittings. The scale parameter
describes spread of the distribution whereas location parameter describes the shift of a
distribution in a given direction on the x-axis (Millington et al., 2011). Gumbel Max
is the GEV type I (EVI) distribution and is effective for small sample sizes and even
provides better overall performance for sample size > 50 (Cunnane, 2010). Moreover,
Cunnane (2010) concluded that 2 parameters (EV1) distributions have smaller
standard error, but larger bias than 3 or 4 parameter (GEV, LP3) distributions,
particularly in a small sample size. The LP3 distribution also referred as the Gamma
distribution is a Pearson Type 3 distribution is complicated due the two interacting
shape parameters (Griffis and Stedinger, 2007). LP3 distribution uses 3 parameters
i.e. location, scale and shape for distribution fittings. EasyFit allows to automatically
fit the LP3, GEV, Normal and Gumbel Maximum distributions to data by using
parameter estimation methods (Table 4-2). Equation 4-1 to 4-4 represents Probability
Density Function (PDF) being used by EasyFit for LP3 distribution, GEV, Gumbel
Maximum and Normal distributions respectively.
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Theoretical background for the parameter estimation method like L-moments,
maximum likelihood, and moments is available on EasyFit website.

The Anderson-Darling test compares the observed CDF fit with an empirical
CDF. AD test gives more weight to the tail of the distribution than KS test. Hence,
AD test being stronger and having more weight than the KS test. The AndersonDarling statistic (A2) is defined as Equation 4-5.
𝐴𝐴2 = −𝑛𝑛 −

1

𝑛𝑛

∑𝑛𝑛𝑖𝑖=1(2𝑖𝑖 − 1) . [ln 𝐹𝐹 (𝑥𝑥𝑖𝑖 ) + ln(1 − 𝐹𝐹 (𝑋𝑋𝑛𝑛−𝑖𝑖+1 ))]

(4-5)

H 0 : The data observe the specified distribution.

H A : The data do not observe the specified distribution.

The test rejects the hypothesis regarding the distribution level at a given significance
level (α) if the statistic obtained is greater than a critical value. The most commonly
used significance level is α=0.05, producing a critical value of 2.5 (Millington et al.,
2011). The Kolmogorov-Smirnov test use empirical CDF represented by (Equation 46) to decide if a sample comes from a theoretical continuous distribution.

𝐹𝐹𝑛𝑛 (𝑥𝑥) =

1

𝑛𝑛

. [Number of observations ≤ x]

(4-6)

The Kolmogorov-Smirnov statistic (D) is based on the largest vertical
difference between F(x) and F n (x) and is defined by Equation 4-7
𝐷𝐷𝑛𝑛 = 𝑠𝑠𝑠𝑠𝑠𝑠 [𝐹𝐹𝑛𝑛 (𝑥𝑥) − 𝐹𝐹(𝑥𝑥)]

(4-7)
𝒙𝒙

H 0 : The data observe the specified distribution.
H A : The data do not observe the specified distribution.

71

Like the AD test statistic, a hypothesis is rejected at a selected significance
level if the test statistic is greater than the critical value. The calculated critical value
for the significance level of α=0.05 is 0.12555 (Millington et al., 2011). Similarly, the
Chi-Squared test is also used to decide whether a sample comes from a specific
distribution. The value of the test statistic depends on how the data is binned as this
test is applied to binned data. EasyFit employs the following empirical formula
Equation 4-8:
k = 1 + log 2 𝑁𝑁

(4-8)

The Chi-Squared statistic is defined by Equation 4-9

χ2= ∑ki=1

(O i− E i )2
Ei

(4-9)

where E i is the expected frequency for bin i and computed by Equation 4-10 while O i
is the observed frequency for bin i,

Ei = F (x2 ) − F(x1 )

(4-10)

where F represent the CDF of the probability distribution being tested, and x 1 , x 2 are
the limits for bin i.
H 0 : The data observe the specified distribution.
H A : The data do not observe the specified distribution.

The Chi-Squared test statistic, a hypothesis is rejected at a chosen significance
level if the test statistic is greater than the critical value. The calculated critical value
for the significance level of α=0.05 is 12.592 (Millington et al., 2011).
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Procedure for flood return period’s estimation using LP3 distribution is
adopted from Oke et al. (2014) while for GEV from (Ponce, 1994):

The given flood discharge data series is converted into their logarithms through
Equation 4-11
yi = log (xi)

(4-11)

The mean, standard deviation, and the skewness co-efficient of the y series are
estimated through Equation 4-12, 4-13 and 4-14 respectively:
ỹ =

1

𝑛𝑛

∑𝑛𝑛1 𝑦𝑦𝑖𝑖

sy = ��

𝑛𝑛

(4-12)
(yi − ỹ)2

1 (n−1)

� 1/2

(yi− ỹ)3

g = n ∑𝑛𝑛1 (n−1) (n−2) sy

(4-13)
(4-14)

where n is the number of values in the datasets.
For the given return period T r and the estimated skewness co-efficient g, the value of
KT for the 2, 5, 10, 25, 50 and 100 recurrence intervals is selected from Table (Haan,
1977)
The logarithm of the design flood is computed from Equation 4-15
yT = ỹ + KT. Sy

(4-15)

xT = antilog (yT) = 10yT

(4-16)

QT = Qavg (l + KCv)

(4-17)

The design flood itself is now given by Equation 4-16

Gumbel's method is described by following Equation 17.

Where QT is the probable discharge with a return period of T years, Cv is the
coefficient of variation Cv = 𝜎𝜎/ 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄, Q is the mean flood, K is the frequency
factor 𝑘𝑘 = (𝑦𝑦𝑦𝑦 − 𝑦𝑦𝑛𝑛)/𝜎𝜎𝜎𝜎, σn is the standard deviation of data, 𝑦𝑦𝑦𝑦 = − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝑇𝑇/
𝑇𝑇 − 1). yn, σn = expected mean and standard deviations of reduced extremes and can
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be acquired from Gumbel's table (Nash and Shaw, 1966). Distribution fitting to the
hydrological data recorded at four gauge stations was carried out in EasyFit
(MathWave Technologies 2016) software application. Likewise, goodness-of-fits was
also applied in EasyFit. While return periods based on the best-fit distribution “LP3”
were calculated at Khwazakhela gauge station in Microsoft Excel environment.

4.5

Results

Probability distribution functions (PDF) and cumulative distributions functions
(CDF) of the Khwazakhela are is given in Figure 4-4 (a & b).

(a)

74

(b)

Figure 4-4: (a) and (b) shows PDF and CDF respectively at Khwazakhela Gauge
Station
PDF and CDF of LP3 and GEV distributions fit best with the observed data
while Gumbel Max and Normal distributions fit poorly. Moreover, Figure 4-4 shows
that LP3 is the best fit distribution at Khwazakhela gauge station and can be used for
flood recurrence calculation. GEV best fit at Chakdara, Panjkora, and Munda gauge
stations followed by LP3 (Table 4-4). Hence, GEV distribution can be used for
calculation of the flood return periods at these stations. Fitting parameters of the LP3,
GEV, Gumbel (GEV1) and Normal distributions are given in Table 4-3. Calculated
parameters are within the limits of the statistics.
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Table 4-3: Distribution fitting parameters for GEV, LP3, Gumbel, Normal
Khwazakhela
S.No

Distribution

Parameters

1

Gen. Extreme Value

k=0.37824 σ=506.790 μ=796.29

2

Gumbel Max

σ =905.0 μ=865.03

3

Log-Pearson 3

α=11.053 β=0.21461 γ=4.5936

4

Normal

σ =1161.07 μ =1387.57
Chakdara

S.No

Distribution

Parameters

1

Gen. Extreme Value

k=0.49005 σ=212.4 μ=704.53

2

Gumbel Max

σ=670.63 μ=637.59

3

Log-Pearson 3

α=1.2845 β=0.41788 γ=5.5422

5

Normal

σ=860.13 μ=1024.68
Panjkora

1

Gen. Extreme Value

k=0.17609 σ=365.12 μ=462.74

2

Gumbel Max

σ=522.80 μ=447.98

3

Log-Pearson 3

α=75.892 β=-0.09299 γ=9.5711

4

Normal

σ=670.49 μ=749.74
Munda Headwork

S.No

Distribution

Parameters

1

Gen. Extreme Value

k=0.34801 σ=451.61 μ=1294.59

2

Gumbel Max

σ=1038.90 μ=1189.38

3

Log-Pearson 3

α=34.842 β=0.08304 γ=4.5337

4

Normal

σ=1332.44 μ=1789.04

For the selection of best-fit distribution(s), we applied K–S, A–D, Chi-Squared
tests in EasyFit software and results are given in Table 4-4 (a-d). K–S and A–D
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goodness-of-fits for given data of Khwazakhela (Table 4-4(a)) ranked LP3 at 1
followed by GEV at 2, Gumbel Max at 3, and Normal at 4. However, Chi-squared test
ranked LP3 and GEV distributions at 1, 2 respectively, like K–S and A–D test, but
swapped ranking of Gumbel and Normal. Likewise, all three goodness-of-fits for
given data of Chakdara (Table 4-4(b)) ranked GEV at 1. However, LP3 was ranked 2
by K–S and 4 by A–D and Chi-squared failed. At the Panjkora (Table 4-4 c), K–S
rank GEV at 1, while A–D and Chi-squared ranked GEV at 2. Similarly, LP3 was
ranked 2 by K–S test and rank 1 by A–D and Chi-squared. Moreover, Gumbel and
Normal distributions was ranked at 3, 3, 2 and 4 by K–S, A–D and Chi-squared
respectively. At Munda Headwork (Table 4-4 d) GEV was ranked 1, 2, 1 by K–S, A–
D and Chi-squared respectively. Likewise, LP3 was ranked 2, 1, 3 by K–S, A-D and
Chi-squared respectively. Gumbel and Normal distributions was ranked at 3, 3, 2 and
4 K–S, A–D and Chi-squared respectively. The poor ranking of Normal distribution
fitted results is perhaps due to the nature of normal distribution and was expected.
Given that normal distribution is based on central limit theorem while the data
considered in this study (annual maximum) is at the extreme right of all considered
distributions, it was expected that normal fit to the data would be least efficient. It can
further be seen that at three locations (Khwazakhela, Chakdara and Munda
headworks), CS test is rejected. CS tests are often constructed either from sum of
squared errors or through sample variance statistic. Given that both these statistics are
associated with the concept of central limit theorem hence CS test correctly rejects the
normal fit to the data.
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Table 4-4(a): Goodness-of-ﬁt test result for Khwazakhela

S.No

Distribution

Kolmogorov–Smirnov

Anderson–Darling

Chi-Squared

(critical value at 0.05

(critical value at 0.05

(critical value at 0.05

=0.23788)

=2.5018)

=7.8147)

Statistic Reject Rank Statistic Reject Rank Statistic Reject Rank
1

Gen. Extreme Value

0.12287

No

2

2.1543

No

2

3.8846

No

2

2

Gumbel Max

0.19355

No

3

1.9178

No

3

7.2687

No

4

3

Log-Pearson 3

0.1135

No

1

0.57074

No

1

1.174

No

1

4

Normal

0.25855

Yes

4

3.0061

Yes

4

6.8168

Yes

3

Table 4-5(b): Goodness-of-ﬁt test result for Chakdara

S.No

Distribution

Kolmogorov–Smirnov

Anderson–Darling

Chi-Squared

(critical value at 0.05

(critical value at 0.05

(critical value at 0.05

=0.18482)

=2.5018)

=11.07)

Statistic Reject Rank Statistic Reject Rank Statistic Reject Rank
1

Gen. Extreme Value

0.11548

No

1

0.99725

No

1

8.6011

No

1

2

Gumbel Max

0.25746

Yes

3

6.0133

Yes

2

36.015

Yes

2

3

Log-Pearson 3

0.14122

No

2

19.184

Yes

4

4

Normal

0.31505

Yes

4

7.5756

Yes

3

N/A
62.396

Yes

3
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Table 4-6 (c): Goodness-of-ﬁt test result for Panjkora

S.No

Kolmogorov–Smirnov

Anderson–Darling

Chi-Squared

(critical value at 0.05

(critical value at 0.05

(critical value at 0.05

=0.2417)

=2.5018)

=7.8147)

Distribution

Statistic Reject Rank Statistic Reject Rank Statistic Reject Rank
1

Gen. Extreme Value

0.13033

No

1

0.55541

No

2

1.7533

No

3

2

Gumbel Max

0.17891

No

3

1.1193

No

3

0.80719

No

2

3

Log-Pearson 3

0.13842

No

2

0.54858

No

1

0.31268

No

1

4

Normal

0.21894

No

4

1.9424

No

4

2.6061

No

4

Table 4-7 (d): Goodness-of-ﬁt test result for Munda Headwork

S.No

Distribution

Kolmogorov–Smirnov

Anderson–Darling

Chi-Squared

(critical value at 0.05

(critical value at 0.05

(critical value at 0.05

=0.19028)

=2.5018)

=9.4877)

Statistic Reject Rank Statistic Reject Rank Statistic Reject Rank
1

Gen. Extreme Value

0.12183

No

1

2.1543

No

2

3.7778

No

1

2

Gumbel Max

0.2245

Yes

3

4.3985

Yes

3

12.855

Yes

2

3

Log-Pearson 3

0.1482

No

2

1.4014

No

1

12.864

Yes

3

4

Normal

0.28227

Yes

4

5.7476

Yes

4

43.439

Yes

4
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Estimated flood magnitude based on LP3 distribution for 2, 5, 10, 25, 50, and
100 years return periods at Khwazakhela gauge station are 902, 1863, 2744, 4312,
5901, and 7944 m3/s respectively. Discharge frequency curve at the Khwazakhela
gauge station is given in Figure 4-5, showing that Flood2010 event at the
Khwazakhela Bridge was of 50 years return period. Return periods are placed on x-

R² = 0.999
7944
5901
4312
2744
1863
902

0

Discharge (m3/s)
2000 4000 6000 8000

10000

axis while their corresponding magnitude in m3/s is placed on y-axis.

2

5

10
25
Return Periods

50

100

Figure 4-5: Discharge Frequency Curve at Khwazakhela Gauge Station
Flood model requires synthetic hydrographs as boundary condition for the
simulation of the design flood events. Design hydrographs for River Swat at
Khwazakhela gauge station (Figure 4-6) for 2, 5, 10, 25, 50, and 100 years return
periods were prepared based on the only historical maximum flood observed in 2010.
X-axis display flood event time in hours while Y-axis shows discharge in m3/s.
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Figure 4-6: Design Hydrographs of River Swat at Khwazakhela

4.6

Conclusion

This study was carried out in Swat River basin based on hydrological data
recorded at the four gauge stations. LP3, GEV, Gumbel, and Normal distribution were
fitted to the given data recorded at the gauge stations as part of the flood frequency
analysis. Three goodness-of-fit tests namely K–S, A–D, Chi-Squared were applied in
EasyFit software to select the best fit distribution. Goodness of ﬁt tests Rank LP3
distribution at 1 at Khwazakhela and Panjkora gauge stations while GEV got Rank 1
at Chakdara and Munda headwork. The analysis concludes that a single distribution
cannot be speciﬁed as the best-ﬁt distribution for all the location in Swat Valley that
agree with Rahman et al. (2013). Moreover, results show that LP3 is the suitable
distribution function at steep valley and GEV for moderate slope regions in the Swat
valley. This result is in accordance with Kamal et al. (2016) and Kumar et al. (2003)
findings on River Ganga in India, Singo et al. (2013) on Luvuvhu river catchment,
South Africa, and Pakistan Meteorological Department (PMD) on River Indus and
eastern tributaries. It is important to note that GEV is used as national standard in
Malaysia and Indonesia (Liu et al., 2014; Zalina et al., 2002). Kamal et al., 2016
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carried out flood frequency analysis on River Ganga at two locations i.e.
Garhmukteshwar (sample size: 42) and Haridwar (sample size: 87) and concluded that
LP3 gives good result for large sample size whereas Gumbel is good for low sample
size. However, this study shows that LP3 is ranked 1 by all three tests even for
smaller sample size of 31. Furthermore, Rahman et al. (2013) used threshold record
length of 40 for at site flood frequency analysis in Australia in 127 catchments in the
range of 10–2,342km2 (mean: 371km2 and median: 289km2). Best fit distribution i.e.
LP3 was used for calculation of return periods at Khwazakhela. Return periods at
Khwazakhela gauge station will be used for the simulation of 2D flood model.
Simulated flood extent can be then used for the flood hazard assessment which will
work as baseline for flood contingency planning.
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5 Flood Hazard Assessment and Mapping 3
5.1

Introduction

Floods are among the most devastating and recurring natural hazards (Khan et
al., 2011; Ouma and Tateishi, 2014) which have caused an economic loss of US$ 200
billion worldwide since 1900 (Statistical Portal, 2015). The negative impacts of floods
can be mitigated through structural and non-structural approaches. Structural
approach includes construction of flood protection structures like dykes, flood walls,
spurs, while non-structural approach include flood hazard assessment and mapping.
Masood and Takeuchi (2011) mentioned that only structural approach is inadequate to
combat recurrent flood hazards. Flood hazard mapping is the fundamental nonstructural measure which can help in protecting infrastructure and human lives
(Grimaldi et al., 2013). Physical modeling is the most accepted and frequently used
technique for flood hazard assessment (Masood and Takeuchi, 2011; Bahadar et al.,
2015; Khattak et al., 2015). Flood models are classified as 1D and 2D, based on
modeling approach. In the 1D flood models, such as the HEC-RAS 1D, SOBEK 1D
and MIKE 11, a given terrain is represented as a sequence of river and floodplain
cross-sections perpendicular to flow direction (Sanaullah et al., 2011; Brunner, 2016).
Moreover, 1D flood model assumes that water remains inside the floodplain and does
not consider any lateral flow which often occurs. Because of this major limitation, 1D
flood models cannot be applied to urban flooding (Rahman, 2006). However, 2D
hydrodynamic models consider variation of flow in both the longitudinal and
transverse directions of river channel (Tarekegn et al., 2010). Popular 2D flood
models include the SOBEK, FLS, LISFLOOD-FP, Telemac 2D, Flo2D Pro, RRI,
3

This chapter is based on the pre-print version of the paper on Flood Hazard Assessment and Mapping
using HEC-RAS 2D Flood Model and WorldDEM – A Case Study of River Swat (Khwazakhela –
Chakdara).
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Flow-2D, HEC-RAS 2D and MIKE Flood (Horritt and Bates, 2002; Yin et al., 2012;
Jakob et al., 2014). Rahman (2006) concluded that 2D-hydraulic flood propagation
models are very important for flood hazard assessment. Flood model requires accurate
representation of the floodplain in the form of hydro-enforced terrain data and often
use a DEM for model parameterizations including terrain slope, cross-sections and
flow pattern. Stream representation in a DEM is important for 2D flood model
accuracy (Callow et al., 2007) and can be accomplished by hydro-enforcement of the
DEM. Moreover, flood models are sensitive to the resolution and accuracy of the
input DEM (Saksena and Merwade, 2015). Moreover, remote sensing derived optical
and microwave images are effectively utilized for flood hazard mapping and
management for near-real time support to the disaster managers (Masood and
Takeuchi, 2012; Skakun, 2013; Kundu et al., 2014; Yulianto et al., 2015; Franci et al.,
2016; Munir and Iqbal, 2016).

Flood hazard (inundation depth) and exposure (landcover/landuse) are the
important components of flood hazard management.

Moreover, flood hazard

management is currently shifting from the total protection against flooding through
structure approach to the management of the consequences of flooding through nonstructure approach (Coninx and Bachus, 2007). Several studies have used flood model
for the assessment of the flood hazard as well as to evaluate the impact of the flood
mitigation measures on the downstream (de Kok and Grossmann, 2009; Gül et al.,
2009; Ernst et al., 2010; Yi et al., 2010).

5.2

Study area

Pakistan is one of the most prone countries to riverine flooding in monsoon
and has suffered a cumulative financial loss of more than US$ 38 billion during the
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past 67 years (FFC, 2014). Swat Valley in northern Pakistan is highly susceptible to
frequent flooding due to intense rainfall coupled with snow melting (Malik and
Ahmed, 2014). The District has experienced many disastrous floods in the years 1973,
1992, 1993, 1994, 1995, 1996, 2001, 2005, 2010 and 2016 (Bahadar et al., 2015). The
Flood2010 was the most catastrophic in the history of Swat, with 86 fatalities, killing
9800 livestock, destroyed 4000 houses, washed several bridges and damaged the
Amandara and Munda Headworks (FFC, 2010; Rahman and Khan, 2011). Figure 5-2
shows some of the devastation caused by Flood2010 in Swat valley. Malik and
Ahmed (2014), Bahadar et al. (2015) and Khattak et al. (2015), have used HEC-RAS
1D model which has limitation to model 2D flow on selected sites of the River Swat
and River Kabul with relatively coarser resolution DEM of ASTER with 30m and
SRTM with 90m.Moreover, coarser resolution DEM does not represent floodplain
accurately and affect simulated flood depth and extent (Saksena and Merwade, 2015).
Hence, the aim of this study is to utilize a HEC-RAS 2D flood model for flood hazard
assessment and mapping of River Swat using high resolution satellite imagery and
DEM. The study area selected for this research located in the district Swat in the
Khyber Pakhtunkhwa Province of Pakistan (Figure 5-1).

Figure 5-1: Location map of the study area
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Climatically, summer is short and winter is long in the Swat Valley. June is the
hottest month with mean maximum and minimum temperature of 33°C and 16°C,
respectively whereas January is the coldest month with mean maximum and minimum
temperature of 11°C and -2°C, respectively. The annual rainfall fluctuates from 700 to
1,630 mm (Malik and Ahmed, 2014). Swat River is a perennial river with 240 Km
length and 14,000 Km2 watershed and is fed by rain, snow and glaciers melting.
Approximately 60 km long reach of the River Swat from the Khwazakhela Bridge to
Amandara Headwork was selected for this study and was modeled using the HECRAS 2D model (Figure 5-1), mainly due to the availability of gauge stations at these
locations. Hydrological data recorded at gauge station plays a key role in model
calibration and validation.

(a)

(b)

(c)

(d)

Figure 5-2: Flood2010 damages (a) Collapsed hotel in Kalam while (b) and (c) shows
damaged bridge in Swat and (d) damaged Munda Headwork.
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5.3

Material
5.3.1

Hydrological Data

Flood magnitude (m3/s) based on Log Pearson Type- 3 (LP3) distribution for
2, 5, 10, 25, 50, and 100 years return periods at the Khwazakhela gauge station were
used for flood hazard mapping in study area (Table 5-1). Table 5-1 also list flood
magnitude historical maximum i.e. 2010. It is important to note that flood
contribution from River Swat tributaries (Khwar, locally name) were not included due
to the non-availability of the gauge stations.

Table 5-1: River Swat flood return periods at Khwazakhela gauge station
S.No

Return Period (Years)

Magnitude(m3/s)

1

2

902

2

5

1863

3

10

2744

4

25

4312

5

50

5901

6

100

7944

7

Historical Maximum

4,971 (2010)

Flood model requires synthetic hydrographs as boundary condition for the
simulation of the design flood events. Design hydrographs for the River Swat at the
Khwazakhela gauge station for 2, 5, 10, 25, 50, and 100 years return periods were
prepared based on the only historical maximum flood observed in 2010 (Figure 5-3).
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Figure 5-3: Design Hydrographs of River Swat at Khwazakhela
5.3.2

Landcover and DEM

Landcover for study area was acquired from the SUPARCO’s Landcover
Classification System (LCCS) database which is based on SPOT-5 2.5m Pan+XS
imagery. Moreover, the Sentinel-2 satellite data with 10 m resolution was used for
flood hazard mapping. Globally available DEMs, such as the Shuttle Radar
Topography Mission (SRTM) and Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) were downloaded from the NASA’s (Earth Data
Center, 2018) while the Advanced Land Observing Satellite (ALOS) World3D
(AW3D30) from the JAXA’s (Earth Observation Research Center, 2018). The
WorldDEM was provided by the DLR as part of the TanDEM-X Science competition.
The SRTM, ASTER and ALOS height are based on Earth Gravitational Model 1996
(EGM96) while WorldDEM on EGM2008.

5.4

HEC-RAS Model

HEC-RAS model has the capability to perform ID, 2D and combined 1D/2D
unsteady flow routing (HEC, 2018). 2D flow modeling is achieved by including 2D
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flow area component into the flood model. HEC-RAS flood model uses the 2D Saint
Venant and the 2D Diffusive Wave equations for flood simulation (HEC, 2018).
Generally, the diffusive wave equation, obtained by ignoring the acceleration terms in
the Saint‐Venant equations, is used for river flood routing. Moreover, the 2D
Diffusive Wave equations can accurately model many modeling situations and have
greater stability and allow the model to run faster (HEC, 2018). The 2D Saint Venant
equations can be used for a wide range of problems and is the more accurate option
for situations including mixed flow regime, highly dynamic flood waves, abrupt
contraction and expansions, tidally influences conditions, general wave propagation
modeling and super elevation around bends (HEC, 2018). The finite volume method
with enhanced stability and robustness has edge over standard finite difference and
finite elements methods. The implicit finite volume algorithm used by the 2D
unsteady flow equations solver allows larger computational time steps than explicit
methods (HEC, 2018). The wetting and drying of 2D flow area cells is very robust
due to which 2D flow areas can handle abrupt change from totally dry to wet.
Furthermore, the algorithm can solve different flow regimes like subcritical,
supercritical and mixed flow. The HEC-RAS 2D uses flow and stage hydrograph,
normal depth and rating curve, as boundary condition. The HEC-RAS 2D model is
calibrated through parameters including manning n, contraction and expansion
coefficient. HEC-RAS 2D simulated output can be viewed in the RAS Mapper and
includes water surface elevation, depth, velocity, arrival and recession time and
duration.
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5.5

Methods

The overall methodology of flood hazard assessment of the study area is given
in Figure 5-4. HEC-RAS 2D Model geometric data for historical maximum flood
event i.e. Flood2010 was processed in model’s RAS Mapper tool. The WorldDEM
12m was used as terrain in HEC-RAS 2D model. The WorldDEM was hydrocorrected for River Swat floodplain by burning Normalized Difference Water Index
(NDWI) extracted from 10 m S-2 data. In addition, 2 m depth for river geometry was
used during the process of hydro-enforcement. The reason for S-2 data selection is
that the spatial resolution is nearly comparable with 12m WorldDEM. Moreover,
landcover map was used for preparation of the Manning’s n layer. Moreover, 2D flow
area was also mapped in RAS Mapper tool. Flood model was simulated with 100 m
grid spacing due to computational requirements. The simulation time for the 100
years return period was nearly four hours. HEC-RAS flood model inundation depth
was then used for the preparation of the landcover exposure. Finally, flood hazard
maps were prepared using Sentinel-2 imagery.
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Figure 5-4: Overall Methodology

5.6

Results
5.6.1

Model Calibration and Validation

HEC-RAS flood model was initially simulated for Flood2010 event with
Diffusive Wave Equation calculation method. However, simulated inundation extent
and depth for the diffusive wave equation methods was 100% higher than observed
water depth as shown in Figure 5-5. Hence, full momentum calculation method was
selected for simulation of the Flood2010 and designed flood events based on the
observed depth values and satellite based flood extent (Figure 5-6). Simulated
Flood2010 extent was overlaid on the cloud free MODIS Imagery acquired on 1st
August 2010 (Figure 5-6).
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(a)

(b)
Figure 5-5: Flood2010 simulated depth and inundation extent in study area using two
different calculation methods (a) with diffusive wave equation (b) full momentum
equation
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Figure 5-6: Flood2010 simulated depth and inundation extent in study area overlaid
on the MODIS Imagery (1 August 2010)
Manning’s n (Chow, 2009) layer values mentioned in Table 5-2 was then used
for model calibration for the Flood2010 event.

Table 5-2: Manning’s n values for Swat River model study area
S.No

Landcover

Manning’s n

1

Main Channel

0.04

2

Floodplain

0.05

3

Agriculture

0.035

4

Forest

0.04

5

Orchards

0.04

6

Rangeland

0.035
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Model result was validated by comparing the model flood extent with the
MODIS imagery and flood stage at the Chakdara. Calibrated River Swat flood model
was then simulated for designed flood events i.e. 2, 5, 10, 25, 50, and 100 years return
periods.

5.6.2

Model Sensitivity to DEM

Flood model sensitivity to the DEM was carried out by simulating calibrated
HEC-RAS 2D model with different terrains created from the WorldDEM, SRTM,
ALOS and ASTER DEMs (Figure 5-7).

(a)
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(b)

(c)
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(d)
Figure 5-7: (a) Flood model simulation sensitivity analysis for DEM. Flood2010
simulated inundation for (a) WorldDEM (b) SRTM (c) ALOS World3D and (d)
ASTER.
Figure 5-7 shows that simulated maximum depth for Flood2010 event is 12m,
13m, 15m, and 25m for the WorldDEM, SRTM, ALOS and ASTER DEMs
respectively. DEM sensitivity analysis shows that ASTER DEM has the highest
terrain errors and cannot be used for the floodplain representation in Swat valley.
While the simulated maximum floods depth for WorldDEM, SRTM and ALOS
DEMs are closely related. Moreover, maximum simulated floods depth for the
WorldDEM, SRTM and ALOS DEMs. However, there are variations in flood
inundation extents. Unlike, in case of the ASTER DEM the difference in simulated
maximum depth is almost double.
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Flood inundation extent sensitivity to DEM was also studied for Flood2010
event. Analysis showed that inundation extent for WorldDEM, SRTM, ALOS and
ASTER DEMs was 92.62, 73.54, 88.77, and 90.60 sqkm respectively. Results showed
that flood inundation extent is maximum for WorldDEM while minimum for SRTM
DEM. Moreover, inundation extent for WorldDEM, ALOS and ASTER DEMs is
closely related. Likewise, sensitivity of flood velocity to DEMs for Flood2010 event
was also analyzed. Results showed that flood velocity for WorldDEM, SRTM, ALOS,
and ASTER DEMs was in the range of 1-2, 1.3-2.3, 1.75-3.5, and 1-2.5 m/s
respectively. Velocity sensitivity analysis showed that flood velocity is higher for
ALOS DEM while for WorldDEM, SRTM and ASRER it is closely related.
Furthermore, HEC-RAS model gives quite high velocities at certain points and these
odd values were filtered out. The possible reason for these odd values is the
approaching of one of the model velocity equation parameter towards zero. Flood
velocity profile for Flood2010 vs WorldDEM, SRTM, ALOS and ASTER DEMs are
placed in Figure 5-8.
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(a)

(b)
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(c)

(d)
Figure 5-8: Flood Velocity Profile for (a) WorldDEM (b) SRTM (c) ALOS and (d)
ASTER DEMs
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5.6.3

Flood Hazard Maps

HEC-RAS 2D flood model output include flood inundation, flood velocity and
flood extents. Figure 5-9 to 5-14 shows simulated flood inundation depth and extent
in study area for 2, 5, 10, 25, 50 and 100 years design events. The maximum
simulated depth for 100 years event is 25m which is double of Flood2010 event while
flood inundation extent has increased by 50% due to the mountainous terrain.

Figure 5-9: Simulated depth and inundation extent for 2 years design event
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Figure 5-10: Simulated depth and inundation extent for 5 years design event

Figure 5-11: Simulated depth and inundation extent for 10 years design event
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Figure 5-12: Simulated depth and inundation extent for 25 years design event

Figure 5-13: Simulated depth and inundation extent for 50 years design event
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Figure 5-14: Simulated depth and inundation extent for 100 years design event
Flood hazard layer for 100 years return period was reclassified into four
hazards zones (Figure 5-15) based on the NDMA Multi Hazard Vulnerability and
Risk Assessment Guidelines mentioned in Table 5-3.

Table 5-3: Flood Hazard Zonation Criteria
Flood Depth

Hazard Zone

≤ 2m

1

2.01-4m

2

4.01-6m

3

> 6m

4
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Figure 5-15: Simulated flood velocity for 100 flood return periods
Figure 5-16 shows simulated flood velocity for 100 years designed event.
Simulated velocity for most part of the river in study area was less than 5m/s except
few sections of the river where it reaches up to 10-15m/s.
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Figure 5-16: Simulated flood velocity for 100 flood return periods
Flood extents for 2, 5, 10, 25, 50, and 100 years return periods were analyzed
and it was concluded that flood inundation area increases linearly with increase in
flood return periods as shown in Figure 5-17.
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Figure 5-17: River Swat simulated flood inundation extent Vs return periods
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Potential landcover damages in the model study area were also analyzed
against the simulated flood extents for 2, 5, 10, 25, 50, and 100 years return periods
(Table 5-4).

Table 5-4: Potential flood damages for flood recurrence events

Potential Damages (km2)
Landcover
100 Yr

50 Yr

25 Yr

10 Yr

5 Yr

2 Yr

Built up

0.21

0.31

0.34

0.49

0.85

1.00

Agriculture

18.10

26.95

29.40

39.12

48.70

51.22

Forest

0.01

0.02

0.02

0.02

0.03

0.03

Floodplain

28.93

31.95

32.47

33.07

33.38

33.45

Orchards

0.58

1.50

1.75

3.45

4.93

5.69

Rangelands

0.04

0.05

0.05

0.06

0.08

0.09

Figure 5-18 shows major potential affected landcover classes. It can be
concluded from the Figure 5-18 that major affected landcover type is agriculture
followed by orchards and built-up. Furthermore, the exposure of the mentioned
landcover increases linearly with the flood events.
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Figure 5-18: Potential landcover damages against flood recurrence events
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5.7

Discusion

Flood hazard assessment was carried out in the selected study area of the Swat
River using HEC-RAS 2D modeling approach. The main reason for selection of the
HEC-RAS 2D was the partial success of the HEC-RAS 1D model reported by
different studies (Malik and Ahmed, 2014; Bahadar et al., 2015) carried out on Swat
river, HEC-RAS 2D model capability to model 2D flow and is the most commonly
used model for flood hazard assessment and mapping worldwide (Meire et al., 2010;
Masood and Takeuchi, 2011; Butt et al., 2012; Klimeš et al., 2013; Gain et al., 2015;
Haltas et al., 2016; Elfeki et al., 2016; Papaioannou et al., 2016). A 12m spatial
resolution WorldDEM was used for the floodplain representation in the model.
Furthermore, Bahadar et al. (2015) was unable to produce flood hazard maps based on
HEC-RAS ID model simulations due to the coarser resolution of the ASTER DEM.
NDWI extracted from the 10 m Sentinel-2 imagery with 3 m depth was used for the
hydro-enforcement of the WorldDEM. The reason for the selection of the Sentinel-2
imagery is the matching of the spatial resolution with WorldDEM. Jarihani et al.
(2015) found that hydrologically corrected DEMs are more suitable in simulating
floods compared with original DEMs due to the correct representation of the rivers
and associated channels. In addition, flood model sensitivity to the DEM concludes
that the WorldDEM has nearly matched Flood2010 observed maximum depth i.e.
6.25m and extent. DEM sensitivity analysis shows that maximum simulated flood
depth and extent for the ASTER DEM is 25m, almost double of the WorldDEM.
While for the SRTM and ALOS World3D the maximum simulated depth is higher by
1m and 3m than the WorldDEM. Furthermore, simulated flood extent is increasing
with the increase in spatial resolution of the DEM which is in agreement with
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(Saksena and Merwade, 2015) study finding. HEC-RAS 2D has successfully
reproduced Flood2010 event and the simulated maximum flood depth 7m and
matches the observed depth 6.25m. It may be noted here that no official record of the
flood depth at the Chakdara Bridge exists as it was washed away by the Flood2010.
Simulated Flood2010 extent matched 80% of the MODIS imagery (acquired on 1st
August 2010) based flood extent. Khattak et al. (2015) also used satellite derived
flood extent is invaluable for calibration and validation of the Kabul river flood
model. Remote sensing derived optical and microwave images are effectively utilized
for flood hazard mapping and management (Kundu et al., 2014; Yulianto et al., 2015;
Franci et al., 2016; Munir and Iqbal, 2016). Finally, HEC-RAS 2D flood model
simulated flood extent and depth were used for the preparation of the flood hazard
maps. In the recent past, flood model in combination with remote sensing and GIS
were extensively used for flood risk assessment (de Kok and Grossmann, 2009; Gül et
al., 2009; Ernst et al., 2010; Yi et al., 2010; Hsu et al., 2011; Qi and Altinakar, 2011;
Sayama et al., 2012; Yin et al., 2012; Mani et al., 2013; Samantaray et al., 2014; Chen
et al., 2015; Rak et al., 2016). The major limitations of this study include the nonavailability of the Flood2010 observed depth at the gauge stations mostly washed
away by the flood and non-availability of the post Flood2010 river cross-sections. The
availability of the cross-sections might have improved the riverbed representation in
the DEM which could have ultimately improved the model output i.e. inundation
extent and depth.

5.8

Conclusion

This study was carried out in 60km section of Swat river stretching from
Khwazakhela Bridge to Chakdara Bridge. River Swat was modeled using HEC-RAS
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2D flood model. This was the first ever study carried out in Swat valley using the 2D
modeling approach. Flood model was calibrated and validated for Flood2010 event.
In addition, flood model sensitivity to the DEM was also carried out by simulating
calibrated HEC-RAS 2D flood model with different terrains created from
WorldDEM, SRTM, ALOS and ASTER DEMs. Subsequently, flood model was
simulated for 2, 5, 10, 25, 50, and 100 years return periods. Analysis shows that flood
inundation area increases linearly with increase in flood return periods. Simulated
flood inundation extents for 2, 5, 10, 25, 50, and 100 years return periods were used
for the calculation of the potential damages. Agriculture land and orchards are the
major potential landcover classes and their exposure increase linearly with return
periods. Flood model and associated hazard maps will help disaster managers to
mitigate the flood vulnerability in the study area. It is recommended that HEC-RAS
1D/2D couple model may be tested in future studies once river cross sections are
available for the study.
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6 Conclusion and Recommendation
6.1

Conclusion

In this study flood hazard assessment of River Swat was carried out using 2D
flood modeling approach and satellite remote sensing data. Satellite remote sensing is
one of the most accurate and cost-effective mean for landcover mapping, DEM
acquisition, flood mapping and monitoring. Landcover data for the study area was
used for the model calibration and flood exposure analysis. This research study was
divided into three major parts namely DEM vertical accuracy assessment, flood
frequency analysis and flood modeling and hazard mapping. In Part-I, vertical
accuracy assessment of three free global available DEMs i.e. SRTM, ASTER GDEM,
and ALOS World3D and WorldDEM were carried out against the ICESat and DGPS
elevation data. Vertical accuracy assessment using 308 ICESat and 306 DGPS
elevation points in River Swat model study area. Descriptive statistical analysis shows
that RMSE for the WorldDEM, SRTM, ALOS, and ASTER was 5.85 m, 6.83 m, 8.17
m and 14.62 m respectively with respect the ICESat points while 4.38 m, 7.83 m, 6.57
m and 14.17 m respectively with reference to the DGPS points. Among the four,
WorldDEM was found to be the most accurate in depicting true ground elevations as
this DEM has the lowest RMSE among the four followed by SRTM and ALOS while
ASTER GDEM v2 underestimated true ground elevations. Analyses indicate that the
absolute vertical accuracy of 12m WorldDEM DEM in mode study area proven to be
better than the reported RMSE error by using ICESat GLAS elevation and DGPS as a
reference. Likewise, the 30m SRTM ASTER and ALOS DEMs RMSE was within
their reported absolute vertical accuracy. Slope analysis shows that WorldDEM has
the best vertical accuracy in the River Swat floodplain followed by ASTER, ALOS
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and SRTM DEMs. However, WorldDEM accuracy decreases when increase beyond
15o slope. While WorldDEM landcover error analysis shows that elevation differences
are up to 10m in mountain agriculture/forest area. DEMs river profile (x-section)
assessment shows that WorldDEM represent floodplain better than SRTM, ASTER
and ALOS DEMs. Furthermore, analysis also conclude that ASTER cannot be used
for floodplain terrain representation in flood model in Swat valley due to the under
estimation of river geometry. Since, WorldDEM has the lowest RMSE in study area
as well as in less steep areas and was used for the floodplain representation in the
flood model simulation.

Subsequently in Part-II, flood frequency analysis in Swat river basin was
carried out based on long-term hydrological data recorded at the four gauge stations
i.e. Khwazakhela, Chakdara, Panjkora, and Munda headwork. LP3, GEV, Gumbel,
and Normal distribution were fitted to the given data recorded at the gauge stations as
part of the flood frequency analysis. Three goodness-of-fit tests namely Kolmogorov–
Smirnov, Anderson–Darling, Chi-Squared were applied in EasyFit software in order
to select the best fit distribution. Goodness of ﬁt tests Rank LP3 distribution at 1 at
Khwazakhela and Panjkora gauge stations while GEV got Rank 1 at Chakdara and
Munda headwork. It has been found that a single distribution cannot be speciﬁed as
the best-ﬁt distribution for all the location in Swat Valley. Best fit distribution i.e. LP3
was then used for calculation of 2, 5, 10, 25, 50, and 100 years return periods at
Khwazakhela. Moreover, design hydrographs for the return periods were prepared
based on the Flood2010 hydrograph shape. Designed hydrographs were later on used
for flood model upstream boundary condition for simulating design flood events.
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In Part-III, flood modeling of 60km long section of Swat river stretching from
Khwazakhela Bridge to Chakdara Bridge was carried out using HEC-RAS 2D flood
model. Flood model was calibrated and validated for Flood2010 event. In addition,
flood model sensitivity to the DEM was also carried out by simulating calibrated
HEC-RAS 2D flood model with different terrains created from WorldDEM, SRTM,
ALOS and ASTER DEMs. Subsequently, calibrated flood model was simulated for 2,
5, 10, 25, 50, and 100 years return periods. Analysis shows that flood inundation area
increases linearly with increase in flood return periods. Simulated flood inundation
extents for 2, 5, 10, 25, 50, and 100 years return periods were used for the calculation
of the potential damages. Agriculture land and orchards are the major potential
landcover classes and their exposure increase linearly with return periods.

This was the first ever study carried out in Swat valley using the 2D modeling
approach. Flood model and associated hazard maps will not only help disaster
managers to mitigate the flood vulnerability in the study area but also in designing
comprehensive flood-loss prevention and management program. The developed flood
hazard maps can be used for protection measures of flood susceptible zones as well as
in contingency planning. Finally, this study would help in implementation of the
Sendai Framework 2015-30 Priority Area-1 i.e. Understanding Disaster Risk.

6.2

Limitations

The major limitations of this study are:

1. River 3D geometry cannot be represented accurately in HEC-RAS flood
model due to the non-availability of the river cross-sections. Since the
collection of the cross-section at 500m is not only timing consuming but
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also expensive so that’s why 12m WorldDEM (hydro-enforced) was used
for river and floodplain representation.
2. This study has evaluated global DEM with respect to the ICESat elevation
data which might contains elevation errors due to cloud/haze,
landuse/landcover and slopes.

6.3

Recommendations

This study proposed following recommendations for future work:

1. ICESat elevation data accuracy may be assessed with respect to the DGPS
based GCPs.
2. Impact of the landuse/landcover changes in Swat river valley on the flood
frequency analysis may also be investigated in view of the climate change
as well as deforestation. It is also suggested that such type of the study
may be carried out every ten years.
3. PID Khyber Pakhtunkhwa may collect major rivers cross-sections
including Swat river preferably at 500m spacing every five years and / or
after major flood events. So that accurate river geometry can be
represented in flood model which will ultimately improve the quality of
the flood hazard maps. In addition, HEC-RAS 1D/2D coupling model
approach may also be tested once river cross sections are available for the
study area.
4. Mainstreaming of flood hazard assessment in planning and development
process for mitigating flood hazard so that policy makers, disaster
practitioners, and decision makers can make better decision.
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Some of the policy level recommendations are:

1. Govt of Khyber Pakhtunkhwa may enforce landuse/landcover zonation
regulation for the protection of the vulnerable population against flood
hazard.
2. PDMA Khyber Pakhtunkhwa may also adaptation and implements the
Sendai Framework 2015-30, Paris Climate Change agreement (COP21)
and Sustainable Development Goals for the reduction of the economic,
social and financial vulnerabilities in the province.
3. PDMA

and

Provincial

Irrigation

Department,

Govt

of

Khyber

Pakhtunkhwa may engage full time flood hazard assessment teams in their
HQs for the monitoring and modeling of major rivers as well as
establishment of Early Warning System (EWS).

114

7 References
Al-Mashidani, G., Lal, P. and Mujda, M. (1978). A simple version of Gumbel's
method for flood estimation / Version simplifiée de la méthode de Gumbel
pour l'estimation des crues. Hydrological Sciences Bulletin, 23(3), pp.373-380.
Arefi, H. and Reinartz, P. (2011). Accuracy Enhancement of ASTER Global Digital
Elevation Models Using ICESat Data. Remote Sensing, 3(7), pp.1323-1343.
Asterweb.jpl.nasa.gov. (2018). ASTER Global Digital Elevation Map. [online]
Available at: https://asterweb.jpl.nasa.gov/gdem.asp [Accessed 6 Aug. 2018].
Atta-ur-Rahman and Khan, A. (2011). Analysis of flood causes and associated socioeconomic damages in the Hindukush region. Natural Hazards, 59(3), pp.12391260.
Baghdadi, N., Lemarquand, N., Abdallah, H. and Bailly, J. (2011). The Relevance of
GLAS/ICESat Elevation Data for the Monitoring of River Networks. Remote
Sensing, 3(4), pp.708-720.
Bahadar, I.; Shafique, M.; Khan, T.; Tabassum, I.; Ali, M.Z. (2015) Flood Hazard
Assessment using Hydro-dynamic Model and GIS/RS Tools: A Case Study of
Babuzai-Kabal Tehsil Swat Basin. Journal of Himalayan Earth Sciences,
48(2), pp.129-138.
Becek, K. (2011). Biomass Representation in Synthetic Aperture Datasets, 1st ed.;
LAP LAMBERT Academic Publishing: Saarbrücken, Germany.
Becek, K., Koppe, W. and Kutoğlu, Ş. (2016). Evaluation of Vertical Accuracy of the
WorldDEM™ using the Runway Method. Remote Sensing, 8(11), p.934.
Benameur, S., Benkhaled, A., Meraghni, D., Chebana, F. and Necir, A. (2016).
Complete flood frequency analysis in Abiod watershed, Biskra (Algeria).
Natural Hazards, 86(2), pp.519-534.
115

Bengtsson, L. (1990). Statistical Distributions for Flood Frequency Analysis. Journal
of Hydraulic Research, 28(5), pp.650-650.
Bezak, N., Brilly, M. and Šraj, M. (2014). Comparison between the peaks-overthreshold method and the annual maximum method for flood frequency
analysis. Hydrological Sciences Journal, 59(5), pp.959-977.
Blumberg, D. (2006). Analysis of large aeolian (wind-blown) bedforms using the
Shuttle Radar Topography Mission (SRTM) digital elevation data. Remote
Sensing of Environment, 100(2), pp.179-189.
Bolstad, P.V. and Stowe, T. (1994). An evaluation of DEM accuracy: elevation, slope,
and aspect. Photogrammetric engineering and remote sensing, 60(11): 13271332.
Brunner, G.W. Combined 1D and 2D Modeling with HEC-RAS [Online] available
from Hydrologic Engineering Center (HEC) http://www.hec.usace.army.mil
[Accessed on 2/8/2016]
Butt, M. J., M. Umar and R. Qamar (2012). Landslide dam and subsequent dam-break
flood estimation using HEC-RAS model in Northern Pakistan. Natural
Hazards, 65(1): 241-254.
Cai, X. and Wang, D. (2006). Spatial autocorrelation of topographic index in
catchments. Journal of Hydrology, 328(3-4), pp.581-591.
Callow, J., Van Niel, K. and Boggs, G. (2007). How does modifying a DEM to reflect
known hydrology affect subsequent terrain analysis?. Journal of Hydrology,
332(1-2), pp.30-39.
Carabajal, C. (2011), ASTER global DEM version 2.0 evaluation using ICESat
geodetic ground control., Report to the ASTER GDEM Version 2.
Carabajal, C. and Harding, D. (2006). SRTM C-Band and ICESat Laser Altimetry
Elevation Comparisons as a Function of Tree Cover and Relief.
Photogrammetric Engineering & Remote Sensing, 72(3), pp.287-298.
116

Chappell, N. A., Vongtanaboon, S., Jiang, Y., Tangtham, N. (2006). Return-flow
prediction and buffer designation in two rainforest headwaters. Forest Ecology
and Management, 224(1-2), 131–146.
Chen, H., Y. Ito, M. Sawamukai and T. Tokunaga (2015). Flood hazard assessment in
the Kujukuri Plain of Chiba Prefecture, Japan, based on GIS and multicriteria
decision analysis. Natural Hazards 78(1): 105-120.
Chow, V. (2009). Open-channel hydraulics. Caldwell, NJ: Blackburn Press.
Coninx I, Bachus K (2007) Integrating social vulnerability to floods in a climate
change context. [Online] citeseerx.ist.psu.edu
de Kok, J.-L. and M. Grossmann (2009). Large-scale assessment of flood risk and the
effects of mitigation measures along the Elbe River. Natural Hazards 52(1):
143-166.
de Moel, H. and J. C. J. H. Aerts (2010). Effect of uncertainty in land use, damage
models and inundation depth on flood damage estimates. Natural Hazards
58(1): 407-425.
Deng, X., Ren, W. and Feng, P. (2015). Design flood recalculation under land surface
change. Natural Hazards, 80(2), pp.1153-1169.
Du, X., Guo, H., Fan, X., Zhu, J., Yan, Z., & Zhan, Q. (2015). Vertical accuracy
assessment of freely available digital elevation models over low-lying coastal
plains. International Journal of Digital Earth, 9(3), 252-271.
Duong, H., Lindenbergh, R., Pfeifer, N. and Vosselman, G. (2009). ICESat FullWaveform Altimetry Compared to Airborne Laser Scanning Altimetry Over
The Netherlands. IEEE Transactions on Geoscience and Remote Sensing,
47(10), pp.3365-3378.
Dyhouse, G., Hatchett, J. and Benn, J. (2003). Floodplain modeling using HEC-RAS.
Bentley Institute Press, Haestad Methods Inc, New York
117

Eckert, S., Kellenberger, T. and Itten, K. (2005). Accuracy assessment of
automatically derived digital elevation models from aster data in mountainous
terrain. International Journal of Remote Sensing, 26(9), pp.1943-1957.
Elfeki, A., M. Masoud and B. Niyazi (2016). Integrated rainfall–runoff and flood
inundation modeling for flash flood risk assessment under data scarcity in arid
regions: Wadi Fatimah basin case study, Saudi Arabia. Natural Hazards,
85(1): 87-109.
Elkhrachy, I. (2017). Vertical accuracy assessment for SRTM and ASTER Digital
Elevation Models: A case study of Najran city, Saudi Arabia. Ain Shams
Engineering Journal.
Ensle, F.; Heinzel, J.; Koch, B. (2012) Evaluating Height Differences between Global
Digital Surface Models and ICESat Heights at Footprint Geolocation. Surface
Models for Geosciences, 37–48.
Ernst, J., B. J. Dewals, S. Detrembleur, P. Archambeau, S. Erpicum and M. Pirotton
(2010). "Micro-scale flood risk analysis based on detailed 2D hydraulic
modelling and high resolution geographic data." Natural Hazards, 55(2): 181209.
Farooq, M. (2007). Flood Modeling and Simulation using 1D Hydrodynamic
Modeling and LIDAR DEM - A Case Study of River Rems. M.Sc. Thesis,
Stuttgart University of Applied Sciences, Stuttgart, Germany.
Farr, T., Rosen, P., Caro, E., Crippen, R., Duren, R., Hensley, S., Kobrick, M., Paller,
M., Rodriguez, E., Roth, L., Seal, D., Shaffer, S., Shimada, J., Umland, J.,
Werner, M., Oskin, M., Burbank, D. and Alsdorf, D. (2007). The Shuttle
Radar Topography Mission. Reviews of Geophysics, 45(2).
Federal Flood Commission. (2010). Annual Flood Report 2010. [online] Available at:
https://www.britannica.com/event/Pakistan-Floods-of-2010 [Accessed 6 Aug.
2018].

118

Federal Flood Commission. (2014). Annual Flood Report 2014. [online] Available at:
https://www.britannica.com/event/Pakistan-Floods-of-2010 [Accessed 6 Aug.
2018].
Feng, L. and Muller, J. (2016). ICESat Validation of TanDEM-X I-DEMS Over The
UK. ISPRS - International Archives of the Photogrammetry, Remote Sensing
and Spatial Information Sciences, XLI-B4, pp.129-136.
Franci, F., G. Bitelli, E. Mandanici, D. Hadjimitsis and A. Agapiou (2016). Satellite
remote sensing and GIS-based multi-criteria analysis for flood hazard
mapping. Natural Hazards, 83(S1): 31-51.
Gain, A. K., V. Mojtahed, C. Biscaro, S. Balbi and C. Giupponi (2015). An integrated
approach of flood risk assessment in the eastern part of Dhaka City. Natural
Hazards, 79(3): 1499-1530.
Gorokhovich, Y. and Voustianiouk, A. (2006). Accuracy assessment of the processed
SRTM-based elevation data by CGIAR using field data from USA and
Thailand and its relation to the terrain characteristics. Remote Sensing of
Environment, 104(4), pp.409-415.
Griffis, V. and Stedinger, J. (2007). Log-Pearson Type 3 Distribution and Its
Application in Flood Frequency Analysis. I: Distribution Characteristics.
Journal of Hydrologic Engineering, 12(5), pp.482-491.
Grimaldi, S., Petroselli, A., Arcangeletti, E. and Nardi, F. (2013). Flood mapping in
ungauged basins using fully continuous hydrologic–hydraulic modeling.
Journal of Hydrology, 487, pp.39-47.
Grohmann, C. (2018). Evaluation of TanDEM-X DEMs on selected Brazilian sites:
Comparison with SRTM, ASTER GDEM and ALOS AW3D30. Remote
Sensing of Environment, 212, pp.121-133.

119

Gül, G. O., N. Harmancıoğlu and A. Gül (2009). A combined hydrologic and
hydraulic modeling approach for testing efficiency of structural flood control
measures. Natural Hazards, 54(2): 245-260.
Haan T.C. (1977) Statistical Methods in Hydrology. Lowa, The lowa University
Press, Lowa.
Haltas, I., G. Tayfur and S. Elci (2016). Two-dimensional numerical modeling of
flood wave propagation in an urban area due to Ürkmez dam-break, İzmir,
Turkey. Natural Hazards, 81(3): 2103-2119.
Helsel, D.R.; Hirsch, R.M. Statistical Methods in Water Resources, 2010. [Online]
http://water.usgs.gov/pubs/twri/twri4a3 [Accessed on 2/10/2017].
Hengl, T., Bajat, B., Blagojević, D. and Reuter, H. (2008). Geostatistical modeling of
topography using auxiliary maps. Computers & Geosciences, 34(12), pp.18861899.
Heuvelink, G. B. M. (2002). Analyzing Uncertainty Propagation in GIS: Why is it not
that simple? Uncertainty in Remote Sensing and GIS, edited by: Foody, G. M.
and Atkinson, P. M., John Wiley & Sons, West Sussex, England, 155–165,
Hirano, A., Welch, R. and Lang, H. (2003). Mapping from ASTER stereo image data:
DEM validation and accuracy assessment. ISPRS Journal of Photogrammetry
and Remote Sensing, 57(5-6), pp.356-370.
Hirt, C., Filmer, M. and Featherstone, W. (2010). Comparison and validation of the
recent freely available ASTER-GDEM ver1, SRTM ver4.1 and GEODATA
DEM-9S ver3 digital elevation models over Australia. Australian Journal of
Earth Sciences, 57(3), pp.337-347.
Horritt, M. and Bates, P. (2002). Evaluation of 1D and 2D numerical models for
predicting river flood inundation. Journal of Hydrology, 268(1-4), pp.87-99.
Hosking, J.R.M.; Wallis, J.R. (1997) Regional Frequency Analysis. Cambridge,
Cambridge University Press, London.
120

Hsu, W.K., P.C. Huang, C.C. Chang, C.W. Chen, D.M. Hung and W.L. Chiang
(2011). An integrated flood risk assessment model for property insurance
industry in Taiwan. Natural Hazards, 58(3): 1295-1309.
Hydrologic Engineering Center (HEC), HEC-RAS 5.0, Hydraulic Reference Manual
[Online] http://www.hec.usace.army.mil/software/hec-ras/documentation.aspx
[Accessed on 1/5/2018].
Jakob, M., Holm, K., Lazarte, E. and Church, M. (2014). A flood risk assessment for
the City of Chilliwack on the Fraser River, British Columbia, Canada.
International Journal of River Basin Management, 13(3), pp.263-270.
Jarihani, A., Callow, J., McVicar, T., Van Niel, T. and Larsen, J. (2015). Satellitederived Digital Elevation Model (DEM) selection, preparation and correction
for hydrodynamic modelling in large, low-gradient and data-sparse
catchments. Journal of Hydrology, 524, pp.489-506.
JAXA Earth Observation Research Center. (2018). ALOS Global Digital Surface
Model "ALOS World 3D - 30m" (AW3D30). [online] Available at:
http://www.eorc.jaxa.jp/ALOS/en/aw3d30/index.htm [Accessed 6 Aug. 2018].
Jenkins, K., Surminski, S., Hall, J. and Crick, F. (2017). Assessing surface water flood
risk and management strategies under future climate change: Insights from an
Agent-Based Model. Science of The Total Environment, 595, pp.159-168.
Jing, C., Shortridge, A., Lin, S., Wu, J. (2014) Comparison and validation of SRTM
and ASTER GDEM for a subtropical landscape in Southeastern China,
International Journal of Digital Earth, 7:12, 969-992
Kamal, V., Mukherjee, S., Singh, P., Sen, R., Vishwakarma, C., Sajadi, P., Asthana,
H. and Rena, V. (2016). Flood frequency analysis of Ganga river at Haridwar
and Garhmukteshwar. Applied Water Science, 7(4), pp.1979-1986.
Kamp, U., Bolch, T. and Olsenholler, J. (2005). Geomorphometry of Cerro Sillajhuay
(Andes, Chile/Bolivia): Comparison of Digital Elevation Models (DEMs)
121

from ASTER Remote Sensing Data and Contour Maps. Geocarto
International, 20(1), pp.23-33.
Kellndorfer, J., Walker, W., Pierce, L., Dobson, C., Fites, J., Hunsaker, C., Vona, J.
and Clutter, M. (2004). Vegetation height estimation from Shuttle Radar
Topography Mission and National Elevation Datasets. Remote Sensing of
Environment, 93(3), pp.339-358.
Khan, S., Hong, Y., Wang, J., Yilmaz, K., Gourley, J., Adler, R., Brakenridge, G.,
Policelli, F., Habib, S. and Irwin, D. (2011). Satellite Remote Sensing and
Hydrologic Modeling for Flood Inundation Mapping in Lake Victoria Basin:
Implications for Hydrologic Prediction in Ungauged Basins. IEEE
Transactions on Geoscience and Remote Sensing, 49(1), pp.85-95.
Khattak, M. S., Anwar, F., Saeed, T. U., Sharif, M., Sheraz, K., & Ahmed, A. (2015).
Floodplain Mapping Using HEC-RAS and ArcGIS: A Case Study of Kabul
River. Arabian Journal for Science and Engineering, 41(4), 1375-1390.
Klimeš, J., M. Benešová, V. Vilímek, P. Bouška and A. Cochachin Rapre (2013). The
reconstruction of a glacial lake outburst flood using HEC-RAS and its
significance for future hazard assessments: an example from Lake 513 in the
Cordillera Blanca, Peru. Natural Hazards, 71(3): 1617-1638.
Krieger, G., Zink, M., Bachmann, M., Bräutigam, B., Schulze, D., Martone, M.,
Rizzoli, P., Steinbrecher, U., Walter Antony, J., De Zan, F., Hajnsek, I.,
Papathanassiou, K., Kugler, F., Rodriguez Cassola, M., Younis, M.,
Baumgartner, S., López-Dekker, P., Prats, P. and Moreira, A. (2013).
TanDEM-X: A radar interferometer with two formation-flying satellites. Acta
Astronautica, 89, pp.83-98.
Kundu, S., S. P. Aggarwal, N. Kingma, A. Mondal and D. Khare (2014). Flood
monitoring using microwave remote sensing in a part of Nuna river basin,
Odisha, India. Natural Hazards, 76(1): 123-138.

122

Landcover Mapping of Pakistan. (2015). LCCS – Khyber Pakhtunkhwa Component
[Online] http://disasterwatch.sgs-suparco.gov.pk/?map=floods/downloadMaps
[Accessed on 1/1/2018].
Leon, J. and Cohen, T. (2012). An improved bathymetric model for the modern and
Palaeo Lake Eyre. Geomorphology, 173-174, pp.69-79.
Li, D. 2012. China’s first civilian three-line-array stereo mapping satellite: ZY-3. Acta
Geodaetica et Cartographica Sinica, 41(3), 317–322.
Li, P., Shi, C., Li, Z., Muller, J., Drummond, J., Li, X., Li, T., Li, Y. and Liu, J.
(2013). Evaluation of ASTER GDEM using GPS benchmarks and SRTM in
China. International Journal of Remote Sensing, 34(5), pp.1744-1771.
Liu, J., Doan, C., Liong, S., Sanders, R., Dao, A. and Fewtrell, T. (2014). Regional
frequency analysis of extreme rainfall events in Jakarta. Natural Hazards,
75(2), pp.1075-1104.
Liu, X. (2008). Airborne LiDAR for DEM generation: some critical issues. Progress
in Physical Geography, 32(1), pp.31-49.
Ludwig, R. and Schneider, P. (2006). Validation of digital elevation models from
SRTM X-SAR for applications in hydrologic modeling. ISPRS Journal of
Photogrammetry and Remote Sensing, 60(5), pp.339-358.
Luke, A., B. Kaplan, J. Neal, J. Lant, B. Sanders, P. Bates and D. Alsdorf (2015).
Hydraulic modeling of the 2011 New Madrid Floodway activation: a case
study on floodway activation controls. Natural Hazards, 77(3): 1863-1887.
Maidment, D.R. (1993) Handbook of Hydrology, First Edition. McGraw-Hill
Education.
Malik, M.I.; Ahmad, F. (2014). Flood Inundation Mapping and Risk Zoning of the
Swat River Pakistan using HEC-RAS Model. Lasbela. University Journal of
Science and Technology, l.3, 45-52.
123

Mamoon, A. and Rahman, A. (2016). Selection of the best fit probability distribution
in rainfall frequency analysis for Qatar. Natural Hazards, 86(1), pp.281-296.
Mandlburger, G., Briese, C. and Pfeifer, N. 2007: Progress in LiDAR sensor
technology – chance and challenge for DTM generation and data
administration. In Proceedings of 51st Photogram-metric Week, Stuttgart,
Germany, 159–69
Mangoua, F.H. and Goïta, K. A Comparison Between Canadian Digital Elevation
Data (CDED) And SRTM Data of Mount Carleton In New Brunswick
(Canada), 2008, The International Archives of the Photogrammetry, Remote
Sensing and Spatial Information Sciences. Vol. XXXVII. Part B4.
Mani, P., Chatterjee, C. and Kumar, R. (2013). Flood hazard assessment with
multiparameter approach derived from coupled 1D and 2D hydrodynamic
flow model. Natural Hazards, 70(2), pp.1553-1574.
Masood, M. and K. Takeuchi (2011). Assessment of flood hazard, vulnerability and
risk of mid-eastern Dhaka using DEM and 1D hydrodynamic model. Natural
Hazards, 61(2): 757-770.
MathWave

Technologies

(2018).

Mathwave.com.

Introduction

to

EasyFit

5.5.

[online]

Available

at:

http://www.mathwave.com/help/easyfit/index.html [Accessed 6 Aug. 2018].
McCuen, R. (2003). Modeling Hydrologic Change, Lewis Publisher.
Meire, D., L. De Doncker, F. Declercq, K. Buis, P. Troch and R. Verhoeven (2010).
Modelling river-floodplain interaction during flood propagation. Natural
Hazards, 55(1): 111-121.
Merwade, V., Olivera, F., Arabi, M. and Edleman, S. (2008). Uncertainty in Flood
Inundation Mapping: Current Issues and Future Directions. Journal of
Hydrologic Engineering, 13(7), pp.608-620.

124

Millington, N.; Das, S.; Simonovic, S.P. The Comparison of GEV, Log-Pearson Type
3 and Gumbel Distributions in the Upper Thames River Watershed under
Global Climate Models. 2011 [Online] http://ir.lib.uwo.ca/wrrr/40/ [Accessed
on 2/10/2017].
Mukherjee, S., Joshi, P., Mukherjee, S., Ghosh, A., Garg, R. and Mukhopadhyay, A.
(2013). Evaluation of vertical accuracy of open source Digital Elevation
Model (DEM). International Journal of Applied Earth Observation and
Geoinformation, 21, pp.205-217.
Munir, B. A. and J. Iqbal (2016). Flash flood water management practices in Dera
Ghazi Khan City (Pakistan): a remote sensing and GIS prospective. Natural
Hazards, 81(2): 1303-1321.
NASA JPL (2018). Shuttle Radar Topography Mission. [online] Available at:
https://www2.jpl.nasa.gov/srtm/ [Accessed 6 Aug. 2018].
Nash, J. and Shaw, B. (1966). 6. Flood Frequency as a Function of Catchment
Characteristics. River Flood Hydrology, pp.115-136.
National Snow and Ice Data Center (2018). ICESat GLAH14 Data. [online] Available
at: http://nsidc.org/data/glah14 [Accessed 6 Aug. 2018].
Oke, M. and Aiyelokun, O. (2015). Statistical approach to flood disaster management
and risks reduction - in IBU River Basin. Nigerian Journal of Technological
Research, 10(2), p.17.
Ouma, Y. and Tateishi, R. (2014). Urban Flood Vulnerability and Risk Mapping
Using Integrated Multi-Parametric AHP and GIS: Methodological Overview
and Case Study Assessment. Water, 6(6), pp.1515-1545.
Papaioannou, G., A. Loukas, L. Vasiliades and G. T. Aronica (2016). "Flood
inundation mapping sensitivity to riverine spatial resolution and modelling
approach." Natural Hazards 83(S1): 117-132.Pinel, S., Bonnet, M., Santos Da
Silva, J., Moreira, D., Calmant, S., Satgé, F. and Seyler, F. (2015). Correction
125

of Interferometric and Vegetation Biases in the SRTMGL1 Spaceborne DEM
with Hydrological Conditioning towards Improved Hydrodynamics Modeling
in the Amazon Basin. Remote Sensing, 7(12), pp.16108-16130.
Patel, A., Katiyar, S.K., Prasad, V. 2016. Performances evaluation of different open
source DEM using Differential Global Positioning System (DGPS), EJRS 19,
7–16
Pegram, G. and Parak, M. (2004). A review of the regional maximum flood and
rational formula using geomorphological information and observed floods.
Water SA, 30(3).
Poli, D. and I. Caravaggi (2013). 3D modeling of large urban areas with stereo VHR
satellite imagery: lessons learned. Natural Hazards, 68(1): 53-78.
Ponce, V. M. (1994) Engineering Hydrology, Principles and Practices, Prentice Hall.
Qi, H. and Altinakar, M. (2011). A GIS-based decision support system for integrated
flood management under uncertainty with two dimensional numerical
simulations. Environmental Modelling & Software, 26(6), pp.817-821.
Qi, H. and M. S. Altinakar (2011). Simulation-based decision support system for
flood damage assessment under uncertainty using remote sensing and census
block information. Natural Hazards, 59(2): 1125-1143.
Rahman, A., Rahman, A., Zaman, M., Haddad, K., Ahsan, A. and Imteaz, M. (2013).
A study on selection of probability distributions for at-site flood frequency
analysis in Australia. Natural Hazards, 69(3), pp.1803-1813.
Rahman, M.Z.B.A. (2006) Digital Surface Model (DSM) Construction and Flood
Hazard Simulation for Development Plans in Naga City, Philippines. M.Sc.
Thesis, University of Twente, Enschede, the Netherlands.
Rak, G., D. Kozelj and F. Steinman (2016). The impact of floodplain land use on
flood wave propagation. Natural Hazards, 83(1): 425-443.
126

Ramlal, B. and Baban, S. (2008). Developing a GIS based integrated approach to
flood management in Trinidad, West Indies. Journal of Environmental
Management, 88(4), pp.1131-1140.
Renard, B., Kochanek, K., Lang, M., Garavaglia, F., Paquet, E., Neppel, L., Najib, K.,
Carreau, J., Arnaud, P., Aubert, Y., Borchi, F., Soubeyroux, J., Jourdain, S.,
Veysseire, J., Sauquet, E., Cipriani, T. and Auffray, A. (2013). Data-based
comparison of frequency analysis methods: A general framework. Water
Resources Research, 49(2), pp.825-843.
Report on Improvement of fruit production in Swat valley, Pakistan [Online]
http://www.swatfruit.com [Accessed on 2/8/2016]
Rulfová, Z., Buishand, A., Roth, M. and Kyselý, J. (2016). A two-component
generalized extreme value distribution for precipitation frequency analysis.
Journal of Hydrology, 534, pp.659-668.
Saghafian, B., Golian, S. and Ghasemi, A. (2013). Flood frequency analysis based on
simulated peak discharges. Natural Hazards, 71(1), pp.403-417.
Saksena, S. and V. Merwade (2015). Incorporating the effect of DEM resolution and
accuracy for improved flood inundation mapping. Journal of Hydrology, 530:
180-194.
Samantaray, D., C. Chatterjee, R. Singh, P. K. Gupta and S. Panigrahy (2014). Flood
risk modeling for optimal rice planning for delta region of Mahanadi river
basin in India. Natural Hazards, 76(1): 347-372.
San, B. and Suzen, M. (2005). Digital elevation model (DEM) generation and
accuracy assessment from ASTER stereo data. International Journal of
Remote Sensing, 26(22), pp.5013-5027.
Sanaullah, Farooq, M., Sarwar, T., Tareen, M. and Wahid, M. (2016). Flood modeling
and simulations using hydrodynamic model and ASTER DEM—A case study
of Kalpani River. Arabian Journal of Geosciences, 9(6). pp.439.
127

Sanders, B. (2007). Evaluation of on-line DEMs for flood inundation modeling.
Advances in Water Resources, 30(8), pp.1831-1843.
Sanders, B. F. (2007). Evaluation of on-line DEMs for flood inundation modeling.
Advances in Water Resources, 30(8), 1831-1843.
Sasowsky, K.C., Petersen, G.W. and Evans, B.M., 1992. Accuracy of SPOT digital
elevation

model

and

derivatives:

utility for Alaska's

north

slope.

Photogrammetric Engineering and Remote Sensing, 58(6): 815-824.
Satgé, F., Bonnet, M., Timouk, F., Calmant, S., Pillco, R., Molina, J., LavadoCasimiro, W., Arsen, A., Crétaux, J. and Garnier, J. (2015). Accuracy
assessment of SRTM v4 and ASTER GDEM v2 over the Altiplano watershed
using ICESat/GLAS data. International Journal of Remote Sensing, 36(2),
pp.465-488.
Sayama, T., Ozawa, G., Kawakami, T., Nabesaka, S. and Fukami, K. (2012).
Rainfall–runoff–inundation analysis of the 2010 Pakistan flood in the Kabul
River basin. Hydrological Sciences Journal, 57(2), pp.298-312.
Shafique, M. and van der Meijde, M. (2014). Impact of uncertainty in remote sensing
DEMs on topographic amplification of seismic response and Vs 30. Arabian
Journal of Geosciences, 8(4), pp.2237-2245.
Singh, S.K. (2004). Analysis of Uncertainties in Digital Elevation Models in Flood
(Hydraulic) Modeling. M.Sc. Thesis, University of Twente, Enschede, the
Netherlands.
Singo, L.R.; Kundu, P.M.; Odiyo, J.O.; Mathivha, F.I.; Nkunan, T.R. Flood
Frequency Analysis of Annual Maximum Stream Flows For Luvuvhu River
Catchment,

Limpopo

Province,

South

Africa.

2013

[Online]

https://www.researchgate.net [Accessed on 12/10/2016].

128

Skakun, S., Kussul, N., Shelestov, A. and Kussul, O. (2013). Flood Hazard and Flood
Risk Assessment Using a Time Series of Satellite Images: A Case Study in
Namibia. Risk Analysis, 34(8), pp.1521-1537.
Statistica (2018). Economic damage caused by significant floods worldwide up to
2016

|

Statistic.

[online]

Statista.

Available

at:

https://www.statista.com/statistics/267750/economic-damage-caused-byfloods-worldwide/ [Accessed 6 Aug. 2018].
Takaku, J., Tadono, T., Tsutsui, K. and Ichikawa, M. (2016). Validation of "AW3D"
GLOBAL DSM Generated from ALOS PRISM. ISPRS Annals of
Photogrammetry, Remote Sensing and Spatial Information Sciences, III-4,
pp.25-31.
Tarekegn, T., Haile, A., Rientjes, T., Reggiani, P. and Alkema, D. (2010). Assessment
of an ASTER-generated DEM for 2D hydrodynamic flood modeling.
International Journal of Applied Earth Observation and Geoinformation,
12(6), pp.457-465.
Tennakoon, K.B.M. (2004) Parameterization of 2D hydrodynamic models and flood
hazard mapping for Naga city, Philippines, Master Thesis, International
Institute for Geoinformation Science and Earth Observation, Enschede, the
Netherlands.
Thakur, P.K.; Sumangala, A. ISPRS Flood Inundation Mapping and 1-D
Hydrodynamic Modeling using Remote Sensing and GIS Technique. [Online]
http://www.isprs.org [Accessed on 1/31/2016].
Thornton, P., Running, S. and White, M. (1997). Generating surfaces of daily
meteorological variables over large regions of complex terrain. Journal of
Hydrology, 190(3-4), pp.214-251.
Wechsler, S. (2007). Uncertainties associated with digital elevation models for
hydrologic applications: a review. Hydrology and Earth System Sciences,
11(4), pp.1481-1500.
129

Werner, M. (2001). Impact of grid size in GIS based flood extent mapping using a 1D
flow model. Physics and Chemistry of the Earth, Part B: Hydrology, Oceans
and Atmosphere, 26(7-8), pp.517-522.
Wessel, B.; Gruber, A.; Huber, M.; Breunig, M.; Wagenbrenner, S.; Wendleder, A.;
Roth, A. (2014). Validation of The Absolute Height Accuracy Of Tandem -X
Dem For Moderate Terrain. IEEE, 978-1-4799-5775-0/14/
Yap, L., Kandé, L. H., Nouayou, R., Kamguia, J., Ngouh, N. A., & Makuate, M. B.
(2018). Vertical accuracy evaluation of freely available latest high-resolution
(30 m) global digital elevation models over Cameroon (Central Africa) with
GPS/leveling ground control points. International Journal of Digital Earth, 125.
Yi, C.-S., J.-H. Lee and M.-P. Shim (2010). GIS-based distributed technique for
assessing economic loss from flood damage: pre-feasibility study for the
Anyang Stream Basin in Korea. Natural Hazards, 55(2): 251-272.
Yin, J., Yu, D., Yin, Z., Wang, J. and Xu, S. (2012). Multiple scenario analyses of
Huangpu River flooding using a 1D/2D coupled flood inundation model.
Natural Hazards, 66(2), pp.577-589.
Yulianto, F., P. Sofan, A. Zubaidah, K. A. D. Sukowati, J. M. Pasaribu and M. R.
Khomarudin (2015). Detecting areas affected by flood using multi-temporal
ALOS PALSAR remotely sensed data in Karawang, West Java, Indonesia.
Natural Hazards, 77(2): 959-985.
Zalina, M., Desa, M., Nguyen, V. and Kassim, A. (2002). Selecting a probability
distribution for extreme rainfall series in Malaysia. Water Science and
Technology, 45(2), pp.63-68.
Zhang, W., J. Zhou, Y. Liu, X. Chen and C. Wang (2016). Emergency evacuation
planning against dike-break flood: a GIS-based DSS for flood detention basin
of Jingjiang in central China. Natural Hazards, 81(2): 1283-1301.

130

Zhao, G., Xue, H. and Ling, F. (2010). Assessment of ASTER GDEM performance
by comparing with SRTM and ICESat/GLAS data in Central China. 2010 18th
International Conference on Geoinformatics.
Zhou, Q. and Liu, X. (2004). Analysis of errors of derived slope and aspect related to
DEM data properties. Computers & Geosciences, 30(4), pp.369-378.
Zwally, H., R. Schutz, D. Hancock, and J. Dimarzio, 2012. GLAS/ICEsat L2 Global
Land Surface Altimetry Data (HDF5). Version 33. NASA DAAC at the
National Snow and Ice Data Center, Boulder, CO, USA

131

