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Abstract

The Shuttle Radar Topography Mission has long been used as a source topographic
information for ﬂood hazard models, especially in data-sparse areas. Error corrected versions have
been produced, culminating in the latest global error reduced digital elevation model (DEM)—the
Multi-Error-Removed-Improved-Terrain (MERIT) DEM. This study investigates the spatial error structure of
MERIT and Shuttle Radar Topography Mission, before simulating plausible versions of the DEMs using ﬁtted
semivariograms. By simulating multiple DEMs, we allow modelers to explore the impact of topographic
uncertainty on hazard assessment even in data-sparse locations where typically only one DEM is currently
used. We demonstrate this for a ﬂood model in the Mekong Delta and a catchment in Fiji using deterministic
DEMs and DEM ensembles simulated using our approach. By running an ensemble of simulated DEMs we
avoid the spurious precision of using a single DEM in a deterministic simulation. We conclude that using an
ensemble of the MERIT DEM simulated using semivariograms by land cover class gives inundation estimates
closer to a light detection and ranging-based benchmark. This study is the ﬁrst to analyze the spatial error
structure of the MERIT DEM and the ﬁrst to simulate DEMs and apply these to ﬂood models at this scale. The
research workﬂow is available via an R package called DEMsimulation.

Plain Language Summary

A lack of accurate digital elevation models (DEMs) for ﬂood inundation
modeling in data-sparse regions means that predictions of ﬂood inundation are subject to substantial
errors. These errors have rarely been assessed due to a lack of information on the spatial structure of DEM
errors. In this study, we analyze the vertical DEM error and how this error varies spatially for both the
widely used Shuttle Radar Topography Mission (SRTM) DEM and an error reduced variant of SRTM called
Multi-Error-Removed-Improved-Terrain (MERIT) DEM for 20 lowland locations. We then use the spatial
error characteristics to simulate plausible versions of topography. By simulating many statistically plausible
topographies, ﬂood models can assess the eﬀects of uncertain topography on predicted ﬂood extents. We
demonstrate this by using a collection of simulated DEMs in ﬂood models for two locations. We conclude
that using an ensemble of MERIT DEMs simulated using the spatial error disaggregated by land cover class
gives ﬂood estimates closest to that of a benchmark ﬂood model. This study is of interest to others as our
calculated spatial error relationships can be used to simulate ﬂoodplain topography in the MERIT/SRTM data
sets through our open-source code, allowing for probabilistic ﬂood maps to be produced.

1. Introduction

©2018. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.
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Digital elevation models (DEMs) are numerical representations of the bare-earth surface, but like all models
are a simpliﬁcation of reality. The Shuttle Radar Topography Mission (SRTM; Farr et al., 2007) is a freely available
DEM covering the Earth’s surface within latitudes of +60∘ N and −56∘ S at a resolution of 3 arc sec (≈90 m).
It was collected over an 11-day period in February 2000 in a mission led by National Aeronautics and Space
Administration (NASA). In late 2015, a 1 arc sec (≈30 m) product was released for areas outside the United
States. Various versions exist including the original nonvoid ﬁlled SRTM V1, void ﬁlled products SRTM V2, SRTM
V3, and the CGIAR Consortium for Spatial Information (CGIAR-CSI) developed version (Jarvis et al., 2008). In
the near future the NASADEM (Crippen et al., 2016), which is a reprocessed version of the original SRTM data
set, is due to be released. Other free global DEMs exist, such as Advanced Land Observing Satellite (Tadono
et al., 2014) and Advanced Spaceborne Thermal Emission and Reﬂection Radiometer (Abrams, 2000), with the
SRTM data set generally favored by geoscientists (particularly the CGIAR-CSI Version 4; Jarvis et al., 2008) due
1
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Table 1
Overview of SRTM Error Studies

Location

RMSE (m)

Global

MAE (m)

Land cover

6

Mixed

−0.6

Vegetation

Terrain

Spatial

error

error

dependence

No

No

Yes

Rodríguez et al. (2006)
Gómez et al. (2012)

Reference

Argentina

8.3

Mixed

No

Yes

No

Australia

4.5

Mixed

Yes

No

No

Rexer and Hirt (2014)

Bhutan

11.3

Mountainous

No

Yes

No

Fujita et al. (2008)

China
China

1.5–2.6

Yes

No

Hu et al. (2017)

No

No

No

Du et al. (2016)

Mixed

Yes

Yes

No

Huang et al. (2011)

Mixed

Yes

Yes

No

Jing et al. (2014)

4.5

Forest

Yes

No

No

Hofton et al. (2006)

0.2

Mixed

Yes

Yes

No

Varga and Bašić (2015)

10.2

Forest

Yes

Yes

No

Bourgine and Baghdadi (2005)

Mixed

No

No

No

Forkuor and Maathuis (2012)

19

Mixed

No

Yes

No

Miliaresis and Paraschou (2005)

6.4

Mixed

No

Yes

No

Mouratidis et al. (2010)

12.44

Costa Rica
Croatia

Yes

−3.49

China
China

Mixed
Low relief

2.26–3.61

3.8

Fr. Guiana
Ghana

4.4–14.5

Greece

25

Greece
India

17.76

Mountainous

No

No

No

Mukherjee et al. (2013)

Indonesia

3.25

Mixed

No

No

No

Suwandana et al. (2012)

Mozambique

1.95

Norway

6.5

Poland

14.74

Thailand
Tunisia

3.6

Turkey

9.8

Mixed

No

No

No

Karlsson and Arnberg (2011)

Mixed

Yes

No

No

Weydahl et al. (2007)

4.31

Mountainous

Yes

Yes

No

Kolecka and Kozak (2014)

7.58

Mixed

No

Yes

No

Gorokhovich and Voustianiouk (2006)

2.9

Dryland

No

No

No

Athmania and Achour (2014)

Mixed

No

No

No

Bildirici et al. (2009)

Low relief

Yes

No

Yes

LaLonde et al. (2010)

Mixed

No

Yes

No

Gorokhovich and Voustianiouk (2006)

Mixed

Yes

Yes

Yes

Shortridge and Messina (2011)

United States

5

United States

4.07

United States

8.6

United States

7.18

United States

6.32

3.23

Mixed

No

Yes

No

Falorni et al. (2005)

Mixed

Yes

Yes

Yes

Shortridge (2006)

Note. Vertical errors from each study are reported, either as root-mean square error (RMSE) or MAE (mean absolute error). Land cover refers to the land cover class
of the location in each study. Inclusion of error assessment from vegetation or terrain or an analysis of spatial dependence is assessed on a yes/no basis. The stated
ﬁgures only give a headline, and interested readers are referred to the referenced studies for more details on the methods used. SRTM = Shuttle Radar Topography
Mission.

to greater feature resolution, reduced number of artifacts, lower noise, and better vertical accuracy (Jarihani
et al., 2015; Rexer & Hirt, 2014; Schumann et al., 2014). Therefore, SRTM forms a crucial resource in providing
elevation data to many hazard and risk assessment models, particularly in remote and data poor locations
where high-resolution data such as LIDAR (light detection and ranging) either do not exist or are not freely
accessible. Despite calls for a concerted eﬀort to produce a more accurate free global DEM (Schumann et al.,
2014), there is little sign that such a data set will be produced soon. Thus, the SRTM data set remains the best
option for elevation data for much of the Earth’s surface, both now and for the foreseeable future.
Errors in the SRTM data set were characterized in a large-scale study carried out by Rodríguez et al. (2006),
where ground truth data were collected and analyzed, with an absolute height error of ≈6 m found. Subsequently, localized studies have been carried out, mostly focused on vertical error, as outlined in Table 1.
Errors stem from vegetation, (Carabajal & Harding, 2006; Hofton et al., 2006; LaLonde et al., 2010; Shortridge,
2006; Shortridge & Messina, 2011; Weydahl et al., 2007), steep relief (Falorni et al., 2005; Shortridge & Messina,
2011), an inability to resolve features in urban areas (Farr et al., 2007; Gamba et al., 2002), proximity to metallic
objects Becek (2008), speckle noise (Farr et al., 2007; Rodríguez et al., 2006), and striping caused by instrument
setup (Sampson et al., 2016; Tarekegn & Sayama, 2013; Walker et al., 2007). Error removal has tended to focus
on vegetation removal (Baugh et al., 2013; Loughlin et al., 2016; Su et al., 2015; Zhao et al., 2018). However,
HAWKER ET AL.
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the recent release of the Multi-Error-Removed-Improved-Terrain (MERIT) DEM (Yamazaki et al., 2017) saw the
most comprehensive error removal from the SRTM by separating absolute bias, stripe noise, speckle noise,
and tree height bias, with signiﬁcant improvements over SRTM reported particularly in ﬂat regions. Yet, as far
as the authors are aware, only a handful of studies have quantiﬁed the spatial structure of vertical errors of
the SRTM DEM (LaLonde et al., 2010; Rodríguez et al., 2006; Shortridge, 2006; Shortridge & Messina, 2011) and
none for the MERIT DEM (Table 1).
Characterization of the MERIT/SRTM spatial error structure is interesting in its own right but crucial if
MERIT/SRTM is to be used to simulate DEMs for the purposes of ﬂood risk assessment. With a perfect DEM, and
assuming, for simplicity, a perfect ﬂood model, one run of the model would be required, after which each pixel
would be classiﬁed either dry (probability = 0) or wet (probability = 1). An imperfect DEM introduces a source
of uncertainty about whether a pixel is inundated and hence a range of probabilities between 0 and 1. In ﬂoodplains and river deltas, where topography is near ﬂat, this uncertainty could be large, because small variations
in the DEM could lead to large changes in inundation. DEM uncertainty can be assessed in a deterministic
or stochastic way, by generating candidate DEMs that are consistent with the MERIT/SRTM DEM and its spatial error structure, running the ﬂood model over each candidate and aggregating the results. Simulating
candidates of the DEM does not create a single true DEM, where the truth refers to the true observed measurement, but instead provides a bound within which the true elevation value is likely to be found. Stochastic
simulation of DEMs using the spatial error structure is a relatively well known idea in geostatistics (e.g., Fisher,
1998; Fisher & Tate, 2006; Hunter & Goodchild, 1997; Kyriakidis et al., 1999), with realizations of the DEM found
to greatly aﬀect surface derivatives (e.g., slope; Darnell et al., 2008; Davis & Keller, 1997; Hengl et al., 2008;
Holmes et al., 2000; Oksanen & Sarjakoski, 2005; Veregin, 1997). Yet these studies have not analyzed the wealth
of global DEM data now available (i.e., SRTM). In addition, DEM simulation has only been used sparingly in
ﬂood studies, with only Wilson and Atkinson (2005) using the approach with a hydrodynamic model. Several
others (Fereshtehpour & Karamouz, 2018; Leon et al., 2014) have used DEM simulation to estimate coastal
ﬂood inundation using the bathtub approach, whereby pixels are inundated when their elevation is lower
than a storm surge level and the pixels are hydrologically connected.
The quality and resolution of topographic data has long been recognized as a key control on ﬂood inundation (Horritt & Bates, 2002) and the wetting/drying of a domain (Bates, 2012; Neal et al., 2011). Despite the
recognition of the importance of topography, ﬂood model evaluation has tended to focus on other hydraulic
parameters (Wechsler, 2007) owing to the lack of DEMs available. Studies that do evaluate the inﬂuence of
topography on model results tend to use a high-resolution DEM and resample to various coarser resolutions,
thus testing the inﬂuence of model resolution over the quality of the initial DEM (Fewtrell et al., 2011; Horritt
& Bates, 2001; Komi et al., 2017; Neal et al., 2009; Sanders, 2007; Saksena & Merwade, 2015; Savage, Bates,
et al., 2016; Savage, Pianosi, et al., 2016), concluding that higher resolutions generally give more accurate predictions. For most of the world, high-resolution DEMs are unavailable; thus, a global DEM must be used. SRTM
remains the most widely used topography input to ﬂood models in areas where a high-resolution DEM does
not exist owing to better accuracy and ease of accessibility over other global DEMs (Yan et al., 2015). Rarely do
studies in such data-sparse areas compare ﬂood extent estimates given by diﬀerent global DEMs. Examples of
studies that do compare ﬂood estimates using diﬀerent global DEMs usually compare Advanced Spaceborne
Thermal Emission and Reﬂection Radiometer with SRTM (Bhuyian & Kalyanapu, 2018; Jarihani et al., 2015) or
more recently SRTM with MERIT (Chen et al., 2018). In areas where a global DEM is the best source of topographic information, we are limited to the small number of global DEMs available and thus are restricted in
the number of DEMs we can use. DEM simulation allows for multiple realizations of a DEM to be produced,
thus allowing modelers to produce many ﬂood maps given the topographic error. To reﬁne our goal to simulate DEMs for ﬂood models, we focus our study on ﬂoodplains, speciﬁcally large river deltas, as these areas
are of most interest to ﬂood modelers. Deltaic regions form one of the most ﬂood prone areas in the world,
with this expected to increase in the future (Hallegatte et al., 2013; Syvitski et al., 2009).
Here we quantify the spatial error structure in the SRTM and MERIT DEMs for 20 lowland locations. Using
the ﬁtted error covariance function, we simulate plausible versions of the MERIT and SRTM DEMs, creating
a catalog of possible DEMs. We then demonstrate the impact of using an ensemble of simulated DEMs in a
ﬂood inundation context for two locations in Fiji and Vietnam. While the spatial error structure was calculated
for 20 locations, the eﬀects were assessed on ﬂood models of two locations due to data availability and the
complexity of building each ﬂood model. In a world of increasing computer power, but a lack of detailed data
HAWKER ET AL.
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Figure 1. Study site locations and visualization of surface error maps for An Giang Province in the Vietnamese Mekong Delta. MERIT =
Multi-Error-Removed-Improved-Terrain; LIDAR = light detection and ranging; SRTM = Shuttle Radar Topography Mission.

sets, this powerful approach can be used throughout natural hazard modeling to understand how errors in
the DEM can impact hazard assessment.

2. Methods
2.1. Data Preparation and Visualization
To calculate the errors for the SRTM DEM and MERIT DEM for ﬂoodplains, ground truth data are needed. We
use LIDAR data as ground truth data for 20 diﬀerent sites distributed across the globe. In the absence of GPS
ground truth data, we use LIDAR data owing to its low vertical error (<20 cm at all sites), availability, and spatial
coverage.
Ideally, we would use LIDAR data collected at the same time as the SRTM product, but the available LIDAR was
typically collected 6–14 years after SRTM (see the supporting information for details). Using Google Earth™
and the yearly satellite images, we checked whether the land use had changed between the SRTM and LIDAR
collection period and found no signiﬁcant diﬀerences over land pixels for any of the study sites. Subsidence is a
major challenge for many of the world’s deltas (Higgins, 2016; Schmidt, 2015), with subsidence rates for some
of the study sites documented in the supporting information. Subsidence rates change the land elevation
between SRTM and LIDAR collection dates but were ignored in this study as they fall well within the vertical
error of SRTM.
The next stage is to calculate the arithmetic mean of the LIDAR values that fall within each MERIT/SRTM pixel
to determine the vertical error. We make the assumption that each MERIT/SRTM pixel is the integration of
its interior topography so we use the arithmetic mean of LIDAR elevation values. This overcomes problems
associated with using the elevation of grid cell centers to represent elevation as this often does not accurately
represent the hydrography of ﬂoodplains (Moretti & Orlandini, 2018). We use the least manipulated SRTM
(3-arc sec SRTM v1 nonvoid) product (Farr et al., 2007) and the MERIT DEM (Yamazaki et al., 2017) as both are
the same resolution and use the same grid. Analysis was performed using the raster package of Hijmans et al.
(2016) in the statistical computing environment R (R Core Team, 2017). In total, we analyzed over 5,100 km2
of ﬂoodplains or an area approximately the size of the U.S. state of Delaware.
HAWKER ET AL.
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We produced surface error maps of MERIT-LIDAR and SRTM-LIDAR with an example from the Mekong Delta
shown in Figure 1. Such maps are useful in allowing us to visualize the spatial location of the errors and compare these to satellite imagery and land cover maps to assess the possible causes. Additional surface error
maps for the other study sites are available in the supporting information. Gray pixels indicate areas where
either MERIT/SRTM or LIDAR pixels are missing or are water bodies. The water body mask was delineated using
the Global Water Surface water occurrence map (Pekel et al., 2016). A water occurrence threshold of 90% was
used based on trial and error, with such pixels not contributing to the estimation of the MERIT/SRTM-LIDAR
spatial error structure.
2.2. Estimating the Variogram
For each study site, we ﬁt a semivariogram to the diﬀerence map (i.e., SRTM/MERIT-LIDAR), using those pixels not excluded by missing values or by the water body mask (see section 2.1). We assume stationarity and
isotropy, with these assumptions based on directional semivariograms and semivariogram maps (example in
the supporting information). Geostatistical analysis are implemented using gstat in R (Pebesma, 2004).
If s and s′ are the vectors of spatial coordinates and X is value of SRTM/MERIT(s)-LIDAR(s) (in other words the
vertical error), then the semivariogram (𝛾(h)) is deﬁned as
𝛾(h) =

]
1 [
E {X(s) − X(s′ )}2 ,
2

where ‖s − s′ ‖ = h,

(1)

where h (or the lag is measured in decimal degrees. As this study intends to use the semivariograms to
simulate other places, we need to ﬁt the semivariograms. There is no best semivariogram model to ﬁt semivariograms, so one must be careful to choose a model that captures the main spatial features avoiding over
ﬁtting (Goovaerts, 1997). Inspection of the empirical semivariograms suggested that a double-exponential
shape would capture the main spatial features. Therefore, the chosen model to ﬁt the semivariograms has the
parametric form
𝛾(h) = 𝜎12 {1 − exp(−h∕a1 )} + 𝜎22 {1 − exp(−h∕a2 )]}.
(2)
where (a1 , a2 ) represent the range, 𝜎12 the near component ﬁtted with an exponential model, and 𝜎22 the far
component again ﬁtted with an exponential model. To ﬁt equation (2), we proceeded in two stages. First, we
ﬁtted an exponential semivariogram using only pixels within 0.005 decimal degrees (≈500 m) of each other
(i.e., the near component). This gives an estimate of the near range parameter, a1 . Then we ﬁtted the sum of
two exponential semivariograms with speciﬁed ranges a1 and a2 = 10 a1 to pixels within 0.01∘ (≈1,000 m) of
each other (i.e., the far component). From this we can calculate the sill and range values. The sill refers to the
semivariance value at which the semivariogram levels oﬀ and is the marginal standard deviation. The range
is the distance at which the semivariogram eﬀectively reaches the sill value. The cutoﬀ values were chosen
based upon visual inspection of the resultant semivariograms and fall within the values previously calculated
by Rodríguez et al. (2006), Shortridge (2006), LaLonde et al. (2010), and Shortridge and Messina (2011) in their
empirical semivariograms.
2.3. DEM Simulation
Here we outline the theory that allows us to use the MERIT or SRTM data sets and a speciﬁed semivariogram
of MERIT/SRTM-LIDAR to simulate candidate true DEMs for the purposes of risk assessment.
Ideally, we would construct a statistical model covering both the true DEM and observations on the true
DEM. Typically, this model might be a multivariate Gaussian distribution, in which the observations might
be a subset of the true DEM plus noise, where the noise is probabilistically independent of the true DEM.
Then we would condition the true DEM on the observations and use samples from the conditional (or posterior) distribution of the true DEM as candidates in a simulation-based approach to computing the inundation
probabilities for each pixel of the hazard map.
Specifying the full covariance structure over both the true DEM and the observations is demanding. Under
some conditions, it also turns out to be unnecessary. These conditions are described in Rougier and
Zammit-Mangion (2016; Theorem 3). In essence, the prior variance matrix of the true DEM has to be far larger
than the error variance matrix of the observations. In this case, if there is an observation for every pixel, then
the posterior expectation of the true DEM is approximately equal to the observations, and the posterior variance matrix of the true DEM is approximately equal to the measurement error variance (i.e., it inherits the
spatial structure of the error). This plug-in approach is very intuitive and quite widely used, so it is reassuring
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to know that it is approximately correct under an acceptable assumption about a large prior uncertainty. Of
course, the reverse of this assumption is that one can reduce posterior uncertainty much further with a smaller
prior uncertainty for the true DEM, but only at the cost of quantifying the prior uncertainty in terms of a prior
variance matrix.
An alternative method to the geostatistical approach that we use to estimate the spatial dependence structure
is to use copula functions. Copula functions allow for a relaxation of the assumption of Gaussian dependence
and can overcome deﬁciencies in geostatistical procedures where quality is a function of observation density
and the semivariogram model. Studies have outlined copula-based methods to predict groundwater quality
parameters (Bárdossy & Li, 2008), hydraulic conductivity (Haslauer et al., 2012), and soil properties (Marchant
et al., 2011), which then can be stochastically simulated. As far as the authors are aware a copula-based
method has not been applied for DEM simulation.
We can implement this plug-in approach by using either the MERIT DEM or SRTM DEM as the observations
and simulating candidate DEMs by adding simulations from the semivariogram of MERIT-LIDAR, where we
are treating the LIDAR observations as true.
2.4. Flood Inundation
Now we can simulate candidates of the true DEM; we can run ﬂood models using multiple DEMs, thus allowing us to explore the impact topographic uncertainty has on inundation extent. To do this, we built two ﬂood
inundation models using LISFLOOD-FP version 6 (Neal et al., 2012). One model covered a section of An Giang
Province in the Vietnamese Mekong Delta and the other a 15-km reach of the Ba catchment in Fiji. The An
Giang model uses hydrographs from Chau Doc and Vam Nao gauging stations as the upstream boundary
condition, while the downstream boundary is set as the water level height from the Long Xuyen gauge, with
all these records available from the Mekong River Commission (MRC). We chose to simulate the year 2001.
This particular year was selected for several reasons. First, the ﬂood was severe with estimated damages at
over USD 200 million and approximately 300,000 homes damaged in the Vietnamese Mekong Delta (Chinh
et al., 2016). While the return period of the 2001 ﬂood is unknown, Le et al. (2007) estimated that the moderately larger ﬂood in 2000 had a return period of 20 years. Second, after the ﬂoods of 2000 and 2001, and with
the shift from low dikes (0–2 m) to high dikes (>3.5 m) to facilitate triple rice cropping (Kontgis et al., 2015),
extensive ﬂood prevention structures have been built in An Giang. The expansion of paddies protected from
high dikes in An Giang has risen from <10,000 ha in 2000 to >140,000 in 2011 (Duc Tran et al., 2018), with
these structures being recognized as being important in protecting against damaging ﬂoods (Chapman et al.,
2016). Considering that SRTM was acquired in 2000, the ﬂood prevention structures have changed the topography represented in SRTM, with ﬂood studies analyzing later periods needing to update dike information
(Duc Tran et al., 2018; Dung et al., 2011; Triet et al., 2017). Even though the 2011 ﬂood was hydrologically similar to that of the 2000 ﬂood, 71% of An Giang was ﬂooded in 2000 compared to 30% in 2011 (Dang et al., 2016;
Mekong River Commission, 2011), with ﬂood prevention structures found to be the main cause of hydrological alterations (Dang et al., 2016). Third, we were restricted by the availability of gauge data. Geometry data for
the channels were gathered from the Global Width Database for Large Rivers (GWD-LR) river width database
(Yamazaki et al., 2014) and bathymetry from a 2008 survey conducted by the MRC with cross sections approximately every 250 m. The channel was assumed to have a rectangular shape, with bathymetry values assigned
by interpolating the cross sections. Manning’s friction parameters (Chow, 1959) were set as 0.03 for the channel and 0.05 for the ﬂoodplain, which are both realistic and performed well in a larger Mekong ﬂood model
built with LISFLOOD-FP.
For the Ba model,we estimated a 50-year hydrograph using the regional ﬂood frequency analysis approach
of Smith et al. (2015), utilizing meteorological data from the Fiji Meteorological Oﬃce. The downstream water
level boundary condition at the coast was set at 0 m, even though this value is highly uncertain as heavy rainfall is likely to occur at the same time as a storm surge to compound ﬂooding (Wahl et al., 2015; Zscheischler et
al., 2018). As the domain size of the Ba reach model is comparatively small, the river width was estimated from
Google Earth™ imagery. The river depth was estimated such that the river conveyed the 1- in 2-year return
period before going out of bank. While this bankfull discharge value varies considerably around the world, a
return period of 2 years is a generally accepted average value (Pickup & Warner, 1976; Williams, 1978), with a
return period of 2 years being found in similar rivers in Fiji (Terry, 2007; Terry et al., 2002). Finally, Manning’s
friction parameters were set as 0.035 for the channel and 0.04 for the ﬂoodplain based on typical values for
agricultural ﬂoodplains.
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Figure 2. Semivariograms for each study site for the diﬀerence between MERIT-LIDAR and SRTM-LIDAR. The sill is the
marginal standard deviation, in meters, and the range is the distance, in meters, at which the correlation between two
points drops to 0.05. Note that Roanoke and Savannah (bottom) have a diﬀerent y axis, as for these locations the SRTM
semivariograms have a signiﬁcantly larger sill value. SRTM = Shuttle Radar Topography Mission; MERIT =
Multi-Error-Removed-Improved-Terrain; LIDAR = light detection and ranging.

For each location, we built four models—one at 90-m resolution using the SRTM DEM, another at 90-m resolution using the MERIT DEM, a further 90-m version using resampled LIDAR, and a ﬁnal 30-m resolution
model built using LIDAR data to act as a benchmark model. These four models are the deterministic models
used in our analysis. We make the assumption that the LIDAR based model will make the best ﬂood simulation as it is based on the most accurate topographic data, so is deemed a benchmark. In the absence of
validation data, we further assume that this benchmark model is the closest to the true situation. A 30-m resolution was chosen for the LIDAR model based on available computational resources. Next we used the SRTM
and MERIT models and replaced the DEMs with simulated DEMs, consequently forming our DEM ensembles.
Three sets of DEM ensemble models were built—one by simulating the MERIT DEM using an average MERIT
semivariogram, another by simulating the MERIT DEM by MERIT land cover semivariograms, and a ﬁnal by
simulating the SRTM DEM by SRTM land cover semivariograms. In this case an average semivariogram refers
to the average semivariogram parameters across all 20 locations or in other words a representative ﬂoodplain semivariogram. For the An Giang model, each DEM ensemble contained 200 DEMs, and for the Ba model
each ensemble contained 500 DEMs. All other ﬂood model parameters were kept the same, thus allowing
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Figure 3. Burdekin semivariograms by land cover. SRTM = Shuttle Radar Topography Mission; MERIT =
Multi-Error-Removed-Improved-Terrain.

us to determine how topography alone impacts the simulated inundation extent. The maximum inundation
extent for the model runs using the simulated DEMs was converted to a binary wet/dry map. Subsequently,
these maps were merged together to create an inundation probability map, whereby (based on the simulated DEMs), we can delineate pixels we are most conﬁdent would ﬂood. In this case, inundation probability
refers to the percentage of occasions when a particular pixel is inundated, so in a deterministic model this is
either 0% or 100%, while for the DEM ensembles the probability can take any value between this range. We
checked that the number of simulations were adequate for the probability to converge by taking a subset of
simulated DEMs and producing inundation probability maps.

3. Results and Discussion
In this section we present and discuss results of the three components of our analysis: semivariograms,
DEM simulation, and ﬂood inundation. As each component builds on the previous we decide to present our
ﬁndings in this particular way.
3.1. Semivariograms
First, we plot the empirical and ﬁtted semivariograms for each study site (Figure 2). Our ﬁtting procedure is
appropriate as the ﬁtted semivariograms align well with the empirical results. The excellent ﬁt of the semivariograms further justiﬁes our choice to not use copula functions as the spatial error structure is eﬀectively
estimated by our choice of semivariogram model. Broadly speaking, all locations have similar semivariograms
for the MERIT DEM, with these often having considerably diﬀerent semivariogram parameter values than the
SRTM equivalents (Figure 2). For example, the sill values for the MERIT DEM are markedly lower at the Mekong,
Roanoke, and Savannah sites. Across all study sites, the MERIT DEM has lower sill values (0.7–2.2 m) compared
to SRTM (1.0–4.8 m) and larger range values as well (308–4,364 m compared to 298–1,931 m). A detailed
table of ﬁtted semivariogram parameter values can be found in the supporting information. Lower sill values
mean that the DEM is more accurate, and a larger range means that the error is more spatially dependent.
As all sites are ﬂoodplains with a similar topography, diﬀerences in semivariogram parameters are likely
to come from another source. As noted earlier, vegetation has a large inﬂuence on DEM error; thus, we
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Figure 4. Simulation by land cover. (a) land cover map of Ba, Fiji, using the CCI data. (b) Semivariograms by land cover for Ba, Fiji. (c) DEM of Ba, Fiji, separated by
land cover class. (d) Workﬂow for DEM simulation by land cover. SRTM = Shuttle Radar Topography Mission; MERIT = Multi-Error-Removed-Improved-Terrain; DEM
= digital elevation model.

produce semivariograms by land cover class. We take land cover class data from the Climate Change Institute (CCI) land cover data set (http://maps.elie.ucl.ac.be/CCI/viewer/). The CCI land cover data set has annual
records from 1992 to 2015, with our analysis using records from 2000 as this was the year of SRTM acquisition.
In total, there are 38 land cover class and subclasses. To calculate the semivariograms, we ﬁrst resampled the
CCI land cover data set from its 300-m resolution to the resolution of the MERIT DEM. Therefore, each MERIT
pixel had an associated land cover class. We then selected land cover classes with over 600 pixels to produce
semivariograms that ﬁtted well, with this threshold chosen by trial and error. Here we plot results for the Burdekin site as for this location there are several land cover types with a suﬃcient number of pixels for analysis
(Figure 3). Semivariogram parameters values for all 20 land cover types found for sites in this study can be
found in the supporting information.
Comparing the surface error map with satellite imagery suggests that the areas of largest error for the Burdekin are vegetated with mangroves. The semivariograms in Figure 3 corroborate this theory with mangroves
having the largest semivariance. Evergreen tree cover also has a large error, followed by the categories of
shrubland. Irrigated cropland has the lowest error, suggesting that land cover with lower vegetation heights
has less error. Furthermore, embankments tend to have larger errors as evidenced in our surface error maps.
Therefore, we can deduce that the similarity between semivariograms is inﬂuenced by the land cover class,
with land cover classes with higher vegetation heights having a greater inﬂuence. Despite some vegetation removal in the MERIT DEM, vegetation artifacts remain a key source of error but are a considerable
improvement on the SRTM product.
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Figure 5. Flood Inundation study for a selected area of An Giang Province, Vietnam. (a) Study site location. (b) A cross-sectional proﬁle through the study site
showing elevation of the MERIT DEM (black line) and elevations of 10 randomly selected simulated DEMs (colored lines). (c) Maximum inundation extent for
cases when a single DEM is used (MERIT, SRTM, and LIDAR at 30 and 90 m). (d) Maximum inundation extent for DEM ensembles simulated by land cover (MERIT
and SRTM) and by an average semivariogram (MERIT). DEM = digital elevation model; MERIT = Multi-Error-Removed-Improved-Terrain; LIDAR = light detection
and ranging; SRTM = Shuttle Radar Topography Mission.

3.2. DEM Simulation
Based on our calculated semivariograms, we can simulate plausible ensembles of the MERIT and SRTM DEMs,
thus allowing modelers to move beyond using a single DEM to using a catalog of DEMs. In our initial analysis,
we have calculated semivariograms for 20 locations to estimate an average ﬂoodplain semivariogram for both
the MERIT and SRTM DEMs. With the number of locations, we also estimated semivariograms by land cover
type, resulting in 20 out of the 38 land cover classes and subclasses of the CCI data set having estimated
semivariograms. The exact land cover classes covered are outlined in the supporting information. These land
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Figure 6. Maximum ﬂood extents for a 50-year return period event for Ba, Fiji. Red Lines show roads and the orange polygons residential areas, both extracted
from the OpenStreetMap™ database. Areas of interest highlighted by white dashed boxes in the LIDAR model. Extent of LIDAR is marked in the LIDAR extent map
in green. Gray background is where MERIT/SRTM is present. LIDAR = light detection and ranging; SRTM = Shuttle Radar Topography Mission; MERIT =
Multi-Error-Removed-Improved-Terrain.

cover semivariogram estimates allows us to simulate DEMs by land cover class with the workﬂow outlined
in Figure 4. For one to simulate by land cover class they ﬁrst need to extract DEM pixels by land cover class,
then apply the associated land cover semivariograms to those pixels and repeat for the number of land cover
classes. When a land cover class does not have a semivariogram, we revert to the average semivariogram.
This approach makes our method more relatable to other locations, with these semivariograms available for
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Table 2
Flood Mdel Skill Scores for Both An Giang and Ba
DEM

CSI

Hit rate

Miss rate

False alarm

0.36

0.97

0.03

0.22

An Giang
LIDAR 90 m
MERIT

0.26

0.55

0.45

0.15

SRTM

0.24

0.27

0.73

0.02

MERIT land cover

0.11–0.44

0.20–0.75

0.26–0.80

0.00–0.54

MERIT average

0.19–0.39

0.20–0.58

0.42–0.79

0.00–0.27

SRTM land cover

0.12–0.36

0.21–0.54

0.46–0.79

0.00–0.26

LIDAR 90 m

0.90

0.92

0.08

0.07

MERIT

0.77

0.78

0.22

0.04

SRTM

0.58

0.60

0.41

0.06

MERIT land cover

0.60–0.87

0.61–0.91

0.09–0.39

0.03–0.12

MERIT average

0.59–0.87

0.60–0.95

0.05–0.40

0.03–0.40

SRTM land cover

0.46–0.55

0.47–0.57

0.43–0.53

0.04–0.09

Ba

Note. Skill scores assessed include critical success index, hit rate, miss rate,
and false alarm rate. When a DEM ensemble is used, a range of the score is
given. DEM = digital elevation model; LIDAR = light detection and ranging;
MERIT = Multi-Error-Removed-Improved-Terrain; SRTM = Shuttle Radar Topography
Mission.

both MERIT and SRTM. We simulate reasonable versions of the DEM as highlighted by the cross-sectional
proﬁles in Figure 5, but one should always inspect the simulated DEMs to gauge whether these estimations
are reasonable. Finally, one should only use these semivariograms on ﬂoodplain locations as we have not
tested on terrain with steep relief so cannot be conﬁdent with the relationships.
3.3. Flood Inundation
The simulated DEMs are subsequently used in ﬂood models for two locations—An Giang and Ba. (Figures 5
and 6). We use these two sites to demonstrate the impact of topographic uncertainty on ﬂood predictions
for two reasons. First, we believe they represent end members of ﬂoodplains, as the Ba ﬂoodplain is small
and constrained within a valley, whereas the An Giang ﬂoodplain is large and is not constrained by valley
sides. Furthermore, we were restricted by the data availability (e.g., ﬂow data) to build the ﬂood models. DEM
ensembles are simulated for the MERIT and SRTM using the average ﬂoodplain semivariograms and semivariograms disaggregated by land cover as discussed in section 3.2. By using an ensemble of simulated DEMs we
can produce ﬂood inundation probability maps, whereby the inundation probability refers to the number of
ensemble members in which the pixel in question is ﬂooded. For example, if a pixel was ﬂooded in 300 DEMs
in an ensemble of 500 DEMs then the inundation probability would be 60%.
First, we evaluate the ﬂood models by calculating four commonly used skill scores: critical success index (CSI),
hit rate, miss rate, and false alarm rate (Horritt & Bates, 2001; Sampson et al., 2015; Stephens et al., 2014;
Table 2). The CSI measures the fraction of correctly predicted events, penalizing for both misses and false
alarms. This is an adjustment of the proportion correct score for the quantity being forecast (Wilks, 2011). CSI
scores range from 0 indicating no skill to 1, which is a perfect score. The hit rate is the rate of correctly predicted inundated pixels. Conversely, the miss rate measures pixels that are not predicted in the model but are
ﬂooded in the observations (i.e., model underprediction). The false alarm rate refers to incidences where the
model predicts ﬂooding, but the observed ﬂoodplain state is dry (i.e., model overprediction). In this analysis,
the LIDAR model at 30 m was assumed to be the observation. To allow for direct comparison to the 90-m resolution that the other models were run at, the 30-m data were resampled using bilinear interpolation. The
LIDAR model at 90 m had the best performance for both sites. However, the LIDAR model at 90 m for An Giang
had only a marginally better CSI score than the MERIT and SRTM models, with this primarily due to a relatively high false alarm rate. Out of the global DEMs, MERIT performs better than SRTM. It is noticeable that
there is a marked diﬀerence in performance of the two ﬂood models, with An Giang model performing poorly
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Figure 7. Density plots for the distribution of ﬂooded pixels by inundation probability for each digital elevation model
ensemble. Comparison is made between pixels that correctly predict (compared to LIDAR 30-m model) and those that
are incorrectly ﬂooded. The dashed line refers to the mean density. MERIT = Multi-Error-Removed-Improved-Terrain;
SRTM = Shuttle Radar Topography Mission; LIDAR = light detection and ranging.
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(maximum CSI of 0.36) and the Ba model performing very well (maximum CSI of 0.90). This goes to highlight
the diﬃculty in modeling small-magnitude events in areas where the ﬂoodplain is not constrained (An Giang).
In Table 2 we give the range of skill scores for each member of the DEM ensembles. We can conclude that
using DEM ensembles of simulated DEMs improves model performance as it allows for the bounds of error
in the DEM to be explored. Skill scores can vary considerably. For example, the CSI in Ba is 0.77 for the MERIT
model, 0.58 for SRTM, and ranges from 0.60 to 0.87 for the DEM ensemble of MERIT simulated using land cover
semivariograms. The hit rate and miss rate have particularly large ranges for DEM ensembles using MERIT compared to the ensemble using SRTM simulated by land cover semivariograms. We deduce that this is likely to
be a feature of the DEM simulation process that is making the generated DEMs more noisy. From the semivariograms presented earlier (Figure 2), we know that SRTM is noisier than MERIT as indicated by the shorter-range
values. A noisier DEM indicates that the neighboring pixels are more diﬀerent, thus making ﬂow, or connectivity, more unlikely. We suggest that the noisiness (lack of connectivity) results in the SRTM underpredicting
ﬂooding at both test sites (Figures 5 and 6). So by simulating the MERIT DEM we can unintentionally make
the DEM noisier, thus reducing connectivity and thus ﬂooding. Conversely, the DEM simulation process can
correct some of the key pixels that control connectivity and thus the inundation extent.
To further understand the ﬂood inundation results, we visualize the ﬂood inundation maps in Figures 5 and 6.
The simulations using an ensemble of DEMs bracket the predicted extent of the benchmark LIDAR model and
deterministic MERIT and SRTM models, with the MERIT simulation being closer to the benchmark for both case
studies. Areas of higher inundation probability are generally closer to that of the benchmark LIDAR model. For
the An Giang case study, the ensemble of simulated DEMs activates ﬂoodplain ﬂow pathways that are present
in the higher-resolution LIDAR data but are not in MERIT/SRTM. These ﬂow pathways are switched on/oﬀ by
using an ensemble of DEMs, with inundation extent varying signiﬁcantly. The large variation in inundation
extent is also a result of the unconﬁned ﬂoodplain environment of the delta meaning it is diﬃcult to limit the
ﬂood. In the MERIT land cover DEM ensemble, the higher inundation probabilities (light blue) more closely
align with the LIDAR benchmark model, even though there is still some overprediction in the middle of the
domain similar to the deterministic MERIT model (Figure 5). Nevertheless, the DEM ensemble models do capture the ﬂooding in the top right of the domain, which is not present in the deterministic MERIT model. For the
Ba case study, the variation in inundation extent is more constrained with a larger area with higher inundation
probability. This is due to the conﬁned river valley setting meaning the large ﬂood ﬁlls the valley ﬂoor.
In Figure 6 we explore what impact the diﬀering estimated inundation extents can have on exposed assets
by adding in roads and residential areas from the OpenStreetMap™ (https://planet.openstreetmap.org)
database. We choose to include asset data so when we compare model results we can determine what
the actual impacts might be. This adds a qualitative component to the more traditional skill score metrics.
Research into the presentation of ﬂood hazard maps is extensive and outside the scope of this study, so
we encourage interested readers to consult the literature (Alfonso et al., 2016; Di Baldassarre et al., 2010;
Hagemeier-Klose & Wagner, 2009; Meyer et al., 2012). We can see that some assets are inundated (highlighted
by white dashed boxes in Figure 6) in the LIDAR models but are not in the MERIT and SRTM models. In this
situation, we have the luxury of a high-resolution benchmark model, but in most data-sparse areas a decision maker would be presented with either the deterministic MERIT or SRTM simulations, thereby missing
some at-risk assets in this case. By using a DEM ensemble, these assets that have been missed have a relatively high inundation probability (≈50–70%). Thus, if you presented these maps to a decision maker, they
would be at least aware that these assets may in fact be at risk and could allocate resources as they see ﬁt.
In other words, by using an ensemble of DEMs we get closer to the true situation (with the assumption that
the benchmark model is the true ﬂood) and avoid the spurious precision in ﬂood estimates from using a single DEM and allowing risk assessors to identify pivotal locations where (often) limited resources can be used
most eﬀectively.
To determine which DEM simulation method is most eﬀective at estimating inundation extent, we produce
density plots for both An Giang and Ba (Figure 7). This plot type was chosen over a more conventional histogram as it normalizes the diﬀerence in inundated area, which is particularly apparent in the An Giang
example. In this analysis we make the assumption that the LIDAR 30-m benchmark model is the true ﬂood
situation in the absence of any ﬂood observation data. Pixels in the LIDAR model are compared to their counterparts in the DEM ensemble for each DEM simulation approach. Pixels are binned into two categories: (1)
correctly predicted (blue) when both pixels are inundated and (2) incorrectly predicted (red) when pixel in
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either the LIDAR or DEM ensemble model is not inundated. The corresponding inundation probability for the
pixel in question is then plotted against the density of observations. This allows us to visualize the distribution
of inundation probability for correctly and incorrectly predicted pixels. The dashed lines show the mean of
this distribution. We can see that the DEM ensemble simulated using the MERIT DEM and using the ﬁtted land
cover semivariograms give the inundation extent closest to that of the LIDAR (indicated by blue dashed line).
This is less apparent for Ba as the mean inundation probability value is just 0.3% more than the DEM ensemble
of MERIT using the average ﬂoodplain semivariogram. The diﬀerence in the distributions in Figure 7 not only
highlights the challenge of ﬂood inundation estimation in unconstrained ﬂoodplains such as for the An Giang
case but also indicates that we cannot take a probability threshold value to delineate pixels that we can be
conﬁdent will ﬂood. In other words, this distribution is location dependent. For a ﬂoodplain environment like
the Ba case study, our DEM simulation approach is more eﬀective as the variation in topography simulated
in the DEM ensemble has less impact than an environment like An Giang. Lastly, the MERIT DEM simulation
consistently predicts inundation closer to the LIDAR model, so we would recommend using the MERIT DEM
simulated using land cover semivariograms.
In this analysis we have deliberately chosen to change just the topography information so we can assess the
impact of topographic error on ﬂood estimates. While it is beneﬁcial to incorporate uncertainty analysis from
ﬂow uncertainty to more sophisticated approaches such as compound ﬂooding (Moftakhari et al., 2017; Wahl
et al., 2015; Zscheischler et al., 2018) or event generation (Keef et al., 2013; Neal et al., 2013), it would create an
unworkable parameter space, thus making it challenging to draw robust conclusions. Yet we would encourage
others to utilize such approaches and for others to investigate the contribution of topography against other
parameters in ﬂood models.
As eﬀective computing power continues to grow, it is increasingly possible to run multiple ﬂood models to test
sensitivity to parameters. These have almost exclusively focused on hydraulic parameters, with topography
largely ignored due to the lack of alternative data sets. We have demonstrated that topographic uncertainty
has a large impact on inundation extent and should therefore be included in any ﬂood hazard estimation.
These results suggest that simulating DEMs by land cover semivariograms is most appropriate.
In theory, one could take the semivariograms produced in this study to simulate ﬂoodplain MERIT or SRTM
DEMs for any location where the MERIT and SRTM data sets exist. While possible, and made available through
the R Package accompanying this work, we are reluctant to state that the relationships found in this work can
be applied globally. Yet in the absence of being able to quantify the spatial error structure for every ﬂoodplain
location (which remember would need an accurate high-resolution DEM, LIDAR) and given the similarity of the
semivariograms produced here, we cautiously suggest that the semivariograms here can be used to simulate
DEM ensembles, especially when land cover is considered.

4. Limitations and Future Work
The method presented here is intended to give ﬂood modelers primarily working in data-sparse areas a quick
and eﬃcient method to simulate plausible DEMs from the MERIT and SRTM DEMs. Ultimately, these simulated
DEMs are not necessarily a better version of MERIT/SRTM but are a realization of these products. One should
consider that the MERIT and SRTM were acquired in 2000 and have numerous errors so when choosing to use
MERIT or SRTM a modeler should ask themselves whether these DEMs are good enough for the need of their
study. If the answer is a no, but higher-quality data are unavailable or if the model resolution is prohibitive for
available computing power, our approach can at least get closer to the truth and avoid the spurious precision
of just using a single DEM. One should also consider that modeling at a higher-resolution costs substantially
more computing power, with Savage, Bates, et al. (2016) ﬁnding that halving hydraulic model resolution leads
to a 10 times increase in compute costs. Thus, even if a higher-resolution DEM is available, it may be worth
modeling at a coarser resolution to explore the sensitivity of not only the DEM but to other model parameters,
similar to the approach advocated by Savage, Pianosi, et al. (2016). While currently our work is focused on
MERIT and SRTM, we intend to expand this analysis to the Advanced Land Observing Satellite AW3D30 DEM
and when released the NASADEM. As outlined in section 2.3 our approach could be made more complex,
but we intend our work to be as accessible as possible. When using the R Package DEMsimulation created
from this work, one should remember that several of the land cover semivariograms only contain a single
semivariogram (detailed in the supporting information) so our estimated spatial error structures for these are
highly uncertain.
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5. Conclusions
This study presents a method to simulate plausible DEMs from the MERIT and SRTM DEMs. We calculated
the spatial error structure and ﬁt semivariograms for both MERIT and SRTM by assessing against a reference
data set (LIDAR) for 20 lowland locations. We found that the MERIT is consistently more accurate than SRTM
(semivariogram sill values of 0.7–2.2 m compared to 1.0–4.8m), with the errors in MERIT being more spatially
dependent as indicated by larger range values (308–4,364 m) compared to SRTM (298–1,931 m). Further
semivariograms were produced by land cover type, showing that the spatial error structure diﬀers by land
cover, with tree-covered areas having the largest errors. These ﬁtted semivariograms are then used to simulate candidates of the MERIT and SRTM DEM, which are in turn run through a ﬂood model to assess the impact
of topographic uncertainty on the hazard. We show that using multiple plausible DEMs avoids the spurious
precision in prediction given by deterministic models, with higher probabilities of inundation closer to that
of the truth model. By using ensembles of simulated DEMs we improved the skill of the ﬂood predictions,
with an increase in CSI of 0.44 from 0.26 for An Giang and 0.87 from 0.77 for Ba when we consider global
DEMs. This is due to DEM simulation being able to explore the bounds of error in the DEM that enables the
true connectivity of the ﬂoodplain to be approximated. Simulating the MERIT DEM by land cover class consistently gives inundation estimates closest to that of the true situation (with the assumption that the LIDAR
30-m model is the benchmark); thus, we recommend using a DEM ensemble simulated using this technique.
We further ﬁnd that the distribution of inundation probability can vary considerably between ﬂoodplain locations, so one should not take a probability threshold to determine what pixels will ﬂood. This work makes it
possible to use more than a single DEM for any ﬂoodplain location as we can now simulate plausible versions
of MERIT or SRTM using either a representative ﬂoodplain spatial error structure or by a global land cover
map. This represents a signiﬁcant shift in modeling eﬀorts where the lack of data has restricted our attempt
to understand the impact of topographic uncertainty. Future work will include adding more semivariograms
and assessing the sensitivity of topography compared to other parameters in ﬂood models. The ﬂexibility of
this approach means this method can be used once new DEMs are released, as this technique needs only a
DEM and a reference truth data set. The code to simulate DEMs is freely available for research and education
purposes (https://github.com/laurencehawker/DEMsimulation).
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Hengl, T., Bajat, B., Blagojević, D., & Reuter, H. I. (2008). Geostatistical modeling of topography using auxiliary maps. Computers and
Geosciences, 34(12), 1886–1899. https://doi.org/10.1016/j.cageo.2008.01.005
Higgins, S. A. (2016). Review: Advances in delta-subsidence research using satellite methods. Hydrogeology, 24(3), 587–600.
Hijmans, R. J., van Etten, J., Cheng, J., Mattiuzzi, M., Sumner, M., Greenberg, J. A., et al. (2016). Raster: Geographic Data Analysis and Modeling.
Vienna, Austria: The Comprehensive R Archive Network.
Hofton, M., Dubayah, R., Blair, J. B., & Rabine, D. (2006). Validation of SRTM elevations over vegetated and non-vegetated terrain using
medium footprint lidar. Photogrammetric Engineering & Remote Sensing, 72(3), 279–285. https://doi.org/10.14358/PERS.72.3.279
Holmes, K. W., Chadwick, O., & Kyriakidis, P. C. (2000). Error in a USGS 30-meter digital elevation model and its impact on terrain modeling.
Journal of Hydrology, 233, 154–173. https://doi.org/10.1016/S0022-1694(00)00229-8
Horritt, M. S., & Bates, P. D. (2001). Eﬀects of spatial resolution on a raster based model of ﬂood ﬂow. Journal Hydrology, 253, 239–249.
Horritt, M. S., & Bates, P. D. (2002). Evaluation of 1D and 2D numerical models for predicting river ﬂood inundation. Journal of Hydrology,
268(1-4), 87–99. https://doi.org/10.1016/S002216940200121X
Hu, Z., Peng, J., Hou, Y., & Shan, J. (2017). Evaluation of recently released open global digital elevation models in Hubei, China. Remote
Sensing, 9, 262. https://doi.org/10.3390/rs9030262
Huang, X., Xie, H., Liang, T., & Yi, D. (2011). Estimating vertical error of SRTM and map-based DEMs using ICESat altimetry data in the eastern
Tibetan Plateau. International Journal of Remote Sensing, 1161, 5177–5196. https://doi.org/10.1080/01431161.2010.495092
Hunter, G. J., & Goodchild, M. F. (1997). Modeling the uncertainty of slope and aspect estimates derived from spatial databases. Geographical Analysis, 29(1), 35–49. https://doi.org/10.1111/j.1538-4632.1997.tb00944.x
Jarihani, A. A., Callow, J. N., Mcvicar, T. R., Niel, T. G. V., & Larsen, J. R. (2015). Satellite-derived digital elevation model (DEM) selection ,
preparation and correction for hydrodynamic modelling in large, low-gradient and data-sparse catchments. Journal Of Hydrology, 524,
489–506. https://doi.org/10.1016/j.jhydrol.2015.02.049
Jarvis, A., Reuter, H. I., Nelson, E., & Guevara, E. (2008). Hole-ﬁlled SRTM for the globe version 4.
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. https://doi.org/10.1080/17538947.2013.807307
Karlsson, J. M., & Arnberg, W. (2011). Quality analysis of SRTM and HYDRO1K: A case study of ﬂood inundation in Mozambique. International
Journal of Remote Sensing, 32(1), 267–285. https://doi.org/10.1080/01431160903464112

HAWKER ET AL.

17

Water Resources Research

10.1029/2018WR023279

Keef, C., Tawn, J. A., & Lamb, R. (2013). Estimating the probability of widespread ﬂood events. Environmetrics, 24(1), 13–21.
https://doi.org/10.1002/env.2190
Kolecka, N., & Kozak, J. (2014). Assessment of the accuracy of SRTM C- and X-Band high mountain elevation data : A case study of the Polish
Tatra Mountains. Pure and Applied Geophysics, 171, 897–912.
Komi, K., Neal, J., Trigg, M. A., & Diekkrüger, B. (2017). Modelling of ﬂood hazard extent in data sparse areas: A case study of the Oti River
basin, West Africa. Journal of Hydrology: Regional Studies, 10, 122–132. https://doi.org/10.1016/j.ejrh.2017.03.001
Kontgis, C., Schneider, A., & Ozdogan, M. (2015). Mapping rice paddy extent and intensiﬁcation in the Vietnamese Mekong River Delta with
dense time stacks of Landsat data. Remote Sensing of Environment, 169, 255–269. https://doi.org/10.1016/j.rse.2015.08.004
Kyriakidis, P. C., Shortridge, A. M., Goodchild, M. F., Kyriakidis, P. C., Shortridge, A. M., & Goodchild, M. F. (1999). Geostatistics for conﬂation
and accuracy assessment of digital elevation models. International Journal of Geographical Information Science, 13(7), 677–707.
LaLonde, T., Shortridge, A., & Messina, J. (2010). The inﬂuence of land cover on Shuttle Radar Topography Mission (SRTM) elevations in
low-relief areas. Transactions in GIS, 14(4), 461–479. https://doi.org/10.1111/j.1467-9671.2010.01217.x
Le, T. V. H., Nguyen, H. N., Wolanski, E., Tran, T. C., & Haruyama, S. (2007). The combined impact on the ﬂooding in Vietnam’s Mekong River
delta of local man-made structures, sea level rise, and dams upstream in the river catchment. Estuarine, Coastal and Shelf Science, 71(1-2),
110–116. https://doi.org/10.1016/j.ecss.2006.08.021
Leon, J. X., Heuvelink, G. B. M., & Phinn, S. R. (2014). Incorporating DEM uncertainty in coastal inundation mapping. PLoS ONE, 9(9), 1–12.
Loughlin, F. E. O., Paiva, R. C. D., Durand, M., Alsdorf, D. E., & Bates, P. D. (2016). A multi-sensor approach towards a global vegetation
corrected SRTM DEM product. Remote Sensing of Environment, 182, 49–59. https://doi.org/10.1016/j.rse.2016.04.018
Mekong River Commission (2011). MRC technical paper: Flood situation report 2011 (Tech. Rep. 36). Vientiane, Laos PDR: Mekong River
Commission.
Marchant, B. P., Saby, N. P. A., Jolivet, C. C., Arrouays, D., & Lark, R. M. (2011). Spatial prediction of soil properties with copulas. Geoderma,
162(3-4), 327–334. https://doi.org/10.1016/j.geoderma.2011.03.005
Meyer, V., Kuhlicke, C., Luther, J., Fuchs, S., Priest, S., Dorner, W., et al. (2012). Recommendations for the user-speciﬁc enhancement of ﬂood
maps. Natural Hazards and Earth System Science, 12(5), 1701–1716. https://doi.org/10.5194/nhess-12-1701-2012
Miliaresis, G. C., & Paraschou, C. V. (2005). Vertical accuracy of the SRTM DTED level 1 of Crete. International Journal of Applied Earth
Observations and Geoinformation, 7, 49–59.
Moftakhari, H. R., Salvadori, G., AghaKouchak, A., Sanders, B. F., & Matthew, R. A. (2017). Compounding eﬀects of sea level rise and ﬂuvial
ﬂooding. Proceedings of the National Academy of Sciences, 114(37), 9785–9790. https://doi.org/10.1073/pnas.1620325114
Moretti, G., & Orlandini, S. (2018). Hydrography-driven coarsening of grid digital elevation models. Water Resources Research, 54, 1–24.
https://doi.org/10.1029/2017WR021206
Mouratidis, A., Briole, P., & Katsambalos, K. (2010). SRTM 3 DEM (versions 1, 2, 3, 4) validation by means of extensive kinematic GPS
measurements: A case study from North Greece. International Journal of Remote Sensing, 31(23), 6205–6222.
Mukherjee, S., Joshi, P. K., Mukherjee, S., Ghosh, A., Garg, R. D., & Mukhopadhyay, A. (2013). Evaluation of vertical accuracy of open
source digital elevation model (DEM). International Journal of Applied Earth Observations and Geoinformation, 21, 205–217.
https://doi.org/10.1016/j.jag.2012.09.004
Neal, J. C., Bates, P. D., Fewtrell, T. J., Hunter, N. M., Wilson, M. D., & Horritt, M. S. (2009). Distributed whole city water level measurements
from the Carlisle 2005 urban ﬂood event and comparison with hydraulic model simulations. Journal of Hydrology, 368(1-4), 42–55.
https://doi.org/10.1016/j.jhydrol.2009.01.026
Neal, J., Keef, C., Bates, P., Beven, K., & Leedal, D. (2013). Probabilistic ﬂood risk mapping including spatial dependence. Hydrological
Processes, 27(9), 1349–1363. https://doi.org/10.1002/hyp.9572
Neal, J., Schumann, G., & Bates, P. (2012). A subgrid channel model for simulating river hydraulics and ﬂoodplain inundation over large and
data sparse areas. Water Resources Research, 48, W11506. https://doi.org/10.1029/2012WR012514
Neal, J., Schumann, G., Fewtrell, T., Budimir, M., Bates, P., & Mason, D. (2011). Evaluating a new LISFLOOD-FP formulation with data from the summer 2007 ﬂoods in Tewkesbury, UK. Journal of Flood Risk Management, 4(2), 88–95.
https://doi.org/10.1111/j.1753-318X.2011.01093.x
Oksanen, J., & Sarjakoski, T. (2005). Error propagation of DEM-based surface derivatives. Computers and Geosciences, 31(8), 1015–1027.
Padgham, M., Lovelace, R., Salmon, M., & Rudis, B. (2017). osmdata. Journal of Open Source Software, 2(14), 305. https://doi.org/10.21105/
joss.00305
Pebesma, E. J. (2004). Multivariable geostatistics in S: The gstat package. Computers and Geosciences, 30(7), 683–691.
Pekel, J., Cottam, A., Gorelick, N., & Belward, A. S. (2016). High-resolution mapping of global surface water and its long-term changes. Nature,
540(7633), 418–422. https://doi.org/10.1038/nature20584
Pickup, G., & Warner, R. F. (1976). Eﬀects of hydrologic regime on magnitude and frequency of dominant discharge. Journal of Hydrology,
29(1-2), 51–75.
R Core Team (2017). R: A Language and Environment for Statistical Computing. Vienna, Austria: R Foundation for Statistical Computing.
Rexer, M., & Hirt, C. (2014). Comparison of free high resolution digital and validation against accurate heights from the Australian National
Gravity Database Database. Australian Journal of Earth Sciences, 61(2), 213–226. https://doi.org/10.1080/08120099.2014.884983
Rodríguez, E., Morris, C. S., & Belz, J. E. (2006). A global assessment of the SRTM performance. Photogrammetric Engineering & Remote
Sensing, 72(3), 249–260.
Rougier, J., & Zammit-Mangion, A. (2016). Visualization for large-scale Gaussian updates. Scandinavian Journal of Statistics, 43(4),
1153–1161. https://doi.org/10.1111/sjos.12234
Saksena, S., & Merwade, V. (2015). Incorporating the eﬀect of DEM resolution and accuracy for improved ﬂood inundation mapping. Journal
of Hydrology, 530, 180–194. https://doi.org/10.1016/j.jhydrol.2015.09.069
Sampson, C. C., Smith, A. M., Bates, P. D., Neal, J. C., Alﬁeri, L., & Freer, J. E. (2015). A high-resolution global ﬂood hazard model. Water
Resources Research, 53, 7358–7381. https://doi.org/10.1002/2015WR016954
Sampson, C. C., Smith, A. M., Bates, P. D., Neal, J. C., & Trigg, M. A. (2016). Perspectives on open access high resolution digital elevation
models to produce global ﬂood hazard layers. Frontiers in Earth Science, 3, 85. https://doi.org/10.3389/feart.2015.00085
Sanders, B. F. (2007). Evaluation of on-line DEMs for ﬂood inundation modeling. Advances in Water Resources, 30, 1831–1843.
Savage, J., Bates, P., Freer, J., Neal, J., & Aronica, G. (2016). When does spatial resolution become spurious in probabilistic ﬂood inundation
predictions? Hydrological Processes, 30, 2014–2032.
Savage, J., Pianosi, F., Bates, P., Freer, J. E., & Wagener, T. (2016). Quantifying the importance of spatial resolution and other factors through
global sensitivity analysis of a ﬂood inundation model. Water Resources Research, 52, 9146–9163. https://doi.org/10.1002/2015WR018198
Schmidt, C. W. (2015). Delta subsidence: An imminent threat to coastal populations. Environmental Health Perspectives, 123, 204–209.

HAWKER ET AL.

18

Water Resources Research

10.1029/2018WR023279

Schumann, G. J., Andreadis, K. M., & Bates, P. D. (2014). Downscaling coarse grid hydrodynamic model simulations over large domains.
Journal of Hydrology, 508, 289–298. https://doi.org/10.1016/j.jhydrol.2013.08.051
Shortridge, A. (2006). Shuttle Radar Topography Mission elevation data error and its relationship to land cover. Cartography and Geographic
Information Science, 33(1), 65–75.
Shortridge, A., & Messina, J. (2011). Spatial structure and landscape associations of SRTM error. Remote Sensing of Environment, 115(6),
1576–1587. https://doi.org/10.1016/j.rse.2011.02.017
Smith, A., Sampson, C., & Bates, P. (2015). Regional ﬂood frequency analysis at the global scale. Water Resources Research, 51, 539–553.
https://doi.org/10.1002/2014WR015814
Stephens, E., Schumann, G., & Bates, P. (2014). Problems with binary pattern measures for ﬂood model evaluation. Hydrological Processes, 28,
4928–4937.
Su, Y., Guo, Q., Ma, Q., & Li, W. (2015). SRTM DEM correction in vegetated mountain areas through the integration of spaceborne LiDAR,
airborne LiDAR, and optical imagery. Remote Sensing, 7, 11202–11225.
Suwandana, E., Kawamura, K., Sakuno, Y., Kustiyanto, E., & Rasharjo, B. (2012). Evaluation of ASTER GDEM2 in comparison with GDEM1, SRTM
DEM and topographic-map-derived DEM using inundation area analysis and RTK-dGPS data. Remote Sensing, 4, 2419–2431.
Syvitski, J. P. M., Kettner, A. J., Overeem, I., Hutton, E. W. H., Hannon, M. T., Brakenridge, G. R., et al. (2009). Sinking deltas due to human
activities. Nature Geoscience, 2(10), 681–686. https://doi.org/10.1038/ngeo629
Tadono, T., Ishida, H., Oda, F., Naito, S., Minakawa, K., & Iwamoto, H. (2014). Precise global DEM generation by ALOS PRISM. ISPRS Annals of
the Photogrammetry, Remote Sensing and Spatial Information Sciences, 2(4), 71.
Tarekegn, T. H., & Sayama, T. (2013). Correction of SRTM DEM artefacts by Fournier transform for ﬂood inundation modeling. Journal of
Japan Society of Civil Engineers, Ser. B1 (Hydraulic Engineering), 69(4), 193–198.
Terry, J. P. (2007). River hydrology and ﬂoods. In Tropical cyclones: Climatology and Impacts in the South Paciﬁc (pp. 135–156). New York, NY:
Springer.
Terry, J. P., Garimella, S., & Kostaschuk, R. A. (2002). Rates of ﬂoodplain accretion in a tropical island river system impacted by cyclones and
large ﬂoods. Geomorphology, 42(3-4), 171–182.
Triet, N. V. K., Dung, N. V., Fujii, H., Kummu, M., Merz, B., & Apel, H. (2017). Has dyke development in the Vietnamese Mekong Delta shifted
ﬂood hazard downstream?3991–4010.
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