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Abstract The identification of potential coastal inunda-
tion caused by future sea level rise requires not only time
series records from tide gauges, but also high-quality
digital elevation models (DEMs). This study assesses
the importance of DEM vertical accuracy in predicting
inundation by sea level rise along the Valdelagrana beach
and marshes of the Bay of Cádiz (SW Spain). A present-
day (2000) and a projected (2100) high tide have been
spatialized over a traditional (aerial photogrammetry) re-
gional DEM of Andalusia with a horizontal spatial reso-
lution of 10 m and a vertical accuracy of 0.68 m RMSE
(root mean square error), and a LIDAR-derived DEM of
the Valdelagrana study site with the same spatial resolu-
tion but a vertical accuracy of 0.205 m RMSE. The
simulations are based on a bathtub model, which
accounts for the effect of vertical barriers. The results
reveal that the presence of infrastructures such as roads
and salterns is the key to delimit the extent of water
penetration during high tides in an otherwise homoge-
neously flat area comprising the beach and marshes of
Valdelagrana. Moreover, in comparison with the highly
accurate LIDAR DEM, the inundation areas derived from
the lower-resolution DEM are overestimated by 72 %
and 26 % for the present-day and future scenarios re-
spectively. These findings demonstrate that DEM vertical
accuracy is a critical variable in meaningfully gauging
the impacts of sea level rise.

Introduction

In the last decade, the concern about the effects of sea level
rise (SLR) as a result of climate change has increased
dramatically, leading to strong efforts in assessing SLR
impacts in various coastal settings worldwide (see recent
overviews and advances in FitzGerald et al. 2008; Cazenave
and Llovel 2010; Burbridge 2011; Sriver et al. 2012).
Indeed, key national and international authorities (e.g.
International Panel on Climate Change, IPCC 2007;
European Environmental Agency, EEA 2010; National
Research Council, NRC 2010) have encouraged the devel-
opment of study projects to address this problem at both
regional and local scales, particularly in view of ever-
increasing urban pressure and the urgency of effective coast-
al management in, for example, highly populated deltaic
settings and touristic hotspots (e.g. Sánchez-Arcilla et al.
2008; Flocks et al. 2009; Miner et al. 2009; Hansen 2010;
Flor-Blanco et al. 2012; Mir-Gual et al. 2012, the latter two
in this volume).

A common technique for assessing SLR impacts is the
use of digital elevation models (DEMs) to identify potential
flooding areas for various future SLR scenarios (e.g. Titus
and Richman 2001; Mazria and Kershner 2007; Dasgupta et
al. 2007; Rowley et al. 2007; Thieler 2009; Zhang 2011).
Essentially, this method consists of a surface analysis by the
comparison of the heights of a flooding surface (defined by
the height of inundation), and the elevations of a DEM,
resulting in the identification of the areas lying below a
predicted future inundation level.

Gauging the performance of such models entails deter-
mining their horizontal spatial resolution. However, it has
long been recognized that vertical accuracy is equally im-
portant in terms of quality criteria (see overview in Li et al.
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2005). The vertical accuracy of a DEM is defined as the
average difference between high-accuracy measured heights
and the heights of the DEM at the same locations. The errors
should be normally distributed around zero and, in evalua-
tions of inundations due to SLR, several authors (e.g. Titus
and Richman 2001; Gesch 2009; Thieler 2009) have em-
phasized the need to include a cartography of errors.
Surprisingly, this aspect of vertical DEM accuracy is often
inadequately addressed, if at all (e.g. Crowell et al. 1999;Wu
et al. 2002; Gesch 2007; Pokharel et al. 2007; Gravelle and
Mimura 2008; Cooper et al. 2008).

In recent years, LIDAR (light detection and ranging)
technology has evolved into the arguably most accurate tool
currently available for building DEMs, significantly im-
proving on the quality of DEMs based on classical techni-
ques such as land surveying or aerial photogrammetry (see
overview in Olsen 2007). Indeed, the use of LIDAR data has
spawned a considerable advance in assessing vulnerability
to SLR, with far-reaching implications for coastal manage-
ment worldwide (e.g. Thieler 2009; Zhang 2011; Pe’eri and
Long 2011; Garrison et al. 2012). Due to the currently high
financial costs involved in, for example, ensuring acceptable
vertical errors (recommended at ca. 0.1 to 0.4 m root mean
square error RMSE, depending on terrain type; cf. Aguilar et
al. 2010), data collection is usually confined to relatively
small, low-lying coastal areas comprising morphologically
distinct features such as specific beaches, sandbars, marshes
and estuarine shores. Nevertheless, longer-term LIDAR-
derived monitoring datasets are already becoming increas-
ingly available—e.g. the decadal time series reported by
Mitasova et al. (2010) for the vulnerable beach-foredune
systems of North Carolina (US East Coast) barrier islands.
Along the Atlantic Andalusian coast of SW Spain, the
present study region, LIDAR data have served, for example,
in environmental quality assessments (Garcia-Gutierrez et
al. 2011). Moreover, Raji et al. (2011) have investigated
coastal flooding hazards related to storm activity in the
Bay of Cádiz, site of the present study (Fig. 1).

Within this context, the aim of this study is to evaluate the
importance of the vertical accuracy of DEMs in the spatializa-
tion of present-day and future high tides on the beach and
marshes of Valdelagrana in the Bay of Cádiz, calculated from
the records of a tide gauge located 2 km away from the city.

Physical setting

The beach and marshes of Valdelagrana are located near the
town of El Puerto de Santa María (Cádiz), 36°40′ N and 6°W
(Fig. 1). The reason for choosing this area for analysis is that
there are large, low-lying coastal plain areas with a major
urban core and infrastructure, as well as two different DEM
datasets available based on LIDAR and traditional surveys.

The tidal range from a gauge at the Port of Cádiz, which is
5 km away from the study area, is 3.4 m. The tide gauge
record during the period 1961–2009 showed a rate of change
ofmean sea level of 4.1 mm/year (Fraile 2011). This high SLR
rate is due to the combination of a eustatic SLR of 3.1 mm/
year over the period 1992–2011, according to data from
satellite altimetry, with a local subsidence of 1 mm/year
(Rutigliano et al. 2000). A possible future SLR of 88 cm by
the year 2100 has been projected by considering both eustatic
SLR and local subsidence (Fraile 2011), according to the
methodology developed by Titus and Narayan (1998). A local
difference of 17 cm between the mean sea level of this tide
gauge and the national levelling datum from topographic
maps during the period 1992–2003 has been estimated by
Fraile (2011).

Materials and methods

Digital elevation models

Two types of DEMs were used in the present study. Note that
DEM is here used as a generic term for a bare-ground digital
terrain model, representing only height information without any
further definition of the surface (see overview in Butler and
Davies 2011; for Spain, see guidebook by Felicísimo 1994):

1. a traditional (aerial photogrammetry) DEM of Andalusia
(DEM10): this has a horizontal spatial resolution of 10 m,
and a vertical accuracy of 0.68 m RMSE for marsh areas
(Ojeda Zújar et al. 2006) similar to those of the present
study;

2. a LIDAR-derived DEM of Valdelagrana (DEM_LIDAR):
this has a spatial resolution of 1 m, and a nominal vertical
accuracy of 0.15 m RMSE. The data were collected in
December 2007.

Both DEMs were tested in order to compare them with
heights from a topographic map (1:5000). The differences
between these heights and the heights of the cells of both
DEMs show a normal distribution.

Local marine inundation levels

Local marine inundation levels were extracted from previous
work by Fraile and Ojeda (2009) and Fraile (2011). These
indicate the height of inundation during the highest astronom-
ical tide for today (2000) and for the year 2100, based on an
intermediate scenario of sea level rise (cf. Titus and Narayan
1998) integrating the following variables: (1) the difference
between the local mean sea level (LMSL), obtained by aver-
aging the time series of the tide gauge records over the last
decades, and the mean sea level at Alicante, which is the zero
reference for the topographic maps in Spain, (2) the predicted
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local SLR by 2100, and (3) the local height of the highest
astronomical tide (T). This yields two local marine inundation
levels: (1) the present-day highest astronomical tide
(LMSL+T), and (2) the highest astronomical tide for the year
2100 (LMSL+T+SLR).

Using these data, the areas potentially inundated during
the highest astronomical tide for today and for the year 2100
were identified over grids having the same horizontal spatial
resolution of 10 m. Thus, the heights of the DEMs and of the
marine inundation surfaces were compared, identifying the
cells of the DEM with heights lying below the marine
inundation surface as potentially inundated areas.

In order to evaluate the effects of vertical DEM accuracy, a
new LIDAR DEM with a spatial resolution of 10 m was pro-
duced by filtering the 1m spatial resolution dataset of the original

LIDAR DEM. This new DEM_LIDAR10 has a recalculated
vertical accuracy of 0.205 m RMSE. The two marine inundation
surfaces corresponding to the highest astronomical tides of today
and for the year 2100 were projected onto the DEM_LIDAR10
and DEM10 by means of a surface analysis based on a bathtub
model (Poulter and Halpin 2008; Kont et al. 2008; Gesch 2009).
This not only identified the areas of the DEM lying below the
marine inundation surface but also maintained the continuity
between the open sea and the inundated areas.

Results and discussion

The results (Figs. 2, 3) show a predominance of overlapping
areas where inundation is predicted by both theDEM_LIDAR10

Fig. 1 Study area. The LIDAR study sites of Raji et al. (2011) have been indicated in the middle inset (stars)
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and the DEM10. In the present-day situation and for the year
2100, overlap-free inundation predicted by the DEM_LIDAR10
alone is negligible, whereas that of the DEM10 alone is more
extensive (see below).

Incorporating the areas of model overlap, the
DEM_LIDAR10 analysis reveals that 1,155.2 ha are
inundated at present during the highest astronomical
tide; the DEM10, by comparison, yields a much higher
value of 1,986.8 ha (72 % overestimation; Fig. 3). The
corresponding projections for inundation in the year

2100 are 2,124.5 ha for the DEM_LIDAR10, and a slightly
higher value of 2,678.1 ha for the DEM10 (26 % overestima-
tion). Although the total flooded areas identified by both
DEMs combined amount to 2,106.0 ha for the present day
and 2,842.8 ha for the year 2100, it is important to note that
these absolute pooled values have little meaning on their own
because they stem from two DEM analyses with different
vertical accuracy.

The overlap flooding area between the DEM_LIDAR10
and the DEM10 amounts to 49.2 % of the total flooded area
in the present-day situation and to 68.9 % for the year 2100
(Fig. 3). This projected increase might be related to a higher
future inundation level that would enable the water surface
to exceed the height limits of infrastructures in the study
area. Infrastructures are considered as confining elements in
the present day but they would not be so in the future.

The areas flooded only in the overlap-free DEM10 sce-
nario amount to 45.1 % in the present-day simulation,
reducing to 25.3 % in the projected simulation (Fig. 3).
The cor responding values for the over lap- f ree
DEM_LIDAR10 scenario are 5.7 % for the present day
and 5.8 % for the year 2100. The marked discrepancy
between the two simulations is due to the different effect
of infrastructures on the modelling results. Figure 2 shows
that, compared to the DEM10, the DEM_LIDAR10 is much
more sensitive to the presence of vertical barriers. Although
there are extensive areas that are identified as becoming
flooded only in the DEM_LIDAR10, including some tidal
inlets, the various types of barriers (e.g. levees, roads,

Fig. 2 Spatial distributions of areas inundated during the highest
astronomical tide at the Valdelagrana study site, based on a traditional
DEM with a vertical accuracy of 0.68 m (DEM10) and a comparable

LIDAR-derived DEM with a vertical accuracy of 0.205 m (DEM_LI-
DAR10) for the present day (2000, left) and in 100 years (2100, right)

Fig. 3 Extents of areas inundated by the highest astronomical tide at
Valdelagrana, based on the DEM_LIDAR10 and DEM10 for the
present day (2000, left) and in 100 years (2100, right)
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borders of salterns), which effectively prevent the high tide
from flooding low-lying inland areas not connected to the
sea, are much better resolved.

In the simulation of present-day inundations, the infra-
structures (e.g. roads, paths) of the DEM_LIDAR10 play a
key role in preventing inundation of areas lying below the
height of the infrastructures during high tide. The modelling
of infrastructures in the DEM10, by contrast, is much less
accurate and some areas are thus predicted to become inun-
dated because the heights of some infrastructures are regis-
tered to lie below the height of the high tide. In terms of the
bathtub model approach used in this study, the model there-
fore identified extensive areas in the rear of confining infra-
structures as being prone to flooding. According to the
assumption of sea level rise made for the purpose of this
paper (cf. above), the high tide in the simulation of the year
2100 would be 88 cm higher than at present. Because of
this, the height of the predicted water level exceeds that
of the infrastructures in both DEMs, thereby explaining
the much smaller differences between the two models
for that scenario.

Based on the results presented above, two main conclu-
sions can be drawn.

1. Vertical DEM accuracy has a strong effect on the
quantitative assessment of the impact of inundation
associated with future SLR. In addition to limita-
tions in horizontal spatial resolution, the uncertainty
rooted in vertical elevation errors of DEMs can also
not be ignored. It is therefore desirable to use
DEMs of highest possible vertical accuracy, such
as those based on LIDAR measurements. The supe-
rior performance of LIDAR-derived DEMs has been
demonstrated in the present analysis of SLR inun-
dation risk along the Valdelagrana beach and
marshes of the Bay of Cádiz.

2. The reduced differences between the two DEMs in
delineating inundation areas in future sea level scenarios
is due to the fact that infrastructures, which at present
protect low-lying areas from flooding, would then be
overtopped at high tide. Complementing earlier
LIDAR-based investigations of flooding hazards related
to storms (Raji et al. 2011), the findings of the present
study can benefit more effective coastal management in
the Bay of Cádiz and similar settings along the Iberian
Atlantic coast.
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