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AUTOMATIC DETECTION AND DELINEATION OF KARST
TERRAIN DEPRESSIONS AND ITS APPLICATION IN
GEOMORPHOLOGICAL MAPPING AND MORPHOMETRIC
ANALYSIS

AVTOMATSKA ZAZNAVA IN OMEJITEV KRASKIH KOTAN]
IN NJENA UPORABA V GEOMORFOLOSKEM KARTIRAN]JU
IN MORFOMERTRICNI ANALIZI
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Abstract UDC 551.435.8:528
E. Pardo-Igizquiza, ]. J. Durdn and P. A. Dowd: Automatic
detection and delineation of karst terrain depressions and its
application in geomorphological mapping and morphometric
analysis

Digital elevation models (DEM) are digital representations of
topography that are especially suitable for numerical terrain
analysis in earth sciences and engineering. One of the main
quantitative uses of DEM is the automatic delineation of flow
networks and watersheds in hydrology and geomorphology.
In these applications (using both low-resolution and precision
DEM) depressions hinder the inference of pathways and a lot of
work has been done in designing algorithms that remove them
so as to generate depression-free digital elevation models with
no interruptions to flow. There are, however, geomorphological
environments, such as karst terrains, in which depressions are
singular elements, on scales ranging from centimetres to kilo-
metres, which are of intrinsic interest. The detection of these
depressions is of significant interest in geomorphologic map-
ping because the development of large depressions is normal
in karst terrains: potholes, blind valleys, dolines, uvalas and
poljes. The smallest depressions that can be detected depend
on the spatial resolution (pixel size) of the DEM. For example,
depressions from centimetres to a few metres, such as some
types of karren, cannot be detected if the raster digital eleva-
tion model has a spatial resolution greater than, say, 5 m (i.e.,
square 5m pixel). In this work we describe a method for the au-
tomatic detection and delineation of terrain depressions. First,
we apply a very efficient algorithm to remove pits from the
DEM. The terrain depressions are then obtained by subtract-
ing the depression-free DEM from the original DEM. The final
product is a digital map of depressions that facilitates the cal-
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tska zaznava in omejitev kraskih kotanj in njena uporaba v
geomorfoloskem kartiranju in morfomertricni analizi

Digitalni model reliefa (DMR) je oblika predstavitve
topografije, ki je $e posebej primerna za numeri¢no analizo
povrsja. DMR je odli¢na podlaga za analizo re¢nih mrez in
njihovih zaledij. Pri takih analizah so (zaprte) kotanje pro-
blem, ker lahko predstavljajo lazno to¢ko odtoka, zato je eden
prvih korakov izdelava DMR brez zaprtih oblik. Na kragkih
obmo¢jih pa so kotanje razli¢nih dimenzij in oblik ena glavnih
znacilnosti povrsja in predmet Stevilnih $tudij. Racunalniska
zaznava brezen, slepih dolin, vrta¢, uval, udornic in polij, je
torej lahko velika pomo¢ pri analizi kraskih povrsij. Velikost,
ki jo lahko zaznamo, je navzdol omejena z lo¢ljivostjo DMR;
tako na primer kotanje velikosti od nekaj centimetrov do
nekaj metrov (npr. razli¢ne vrste $krapelj) ne moremo dolo¢iti
z DMR, ki ima prostorsko lo¢ljivost 5 m. V tem delu predsta-
vimo metodo za avtomatsko zaznavanje in omejevanje kragkih
kotanj. Najprej predstavimo ucinkovit algoritem, ki kotanje
odstrani iz DMR. Tak, "brezkotanjski" DMR odstejemo od iz-
vornega in dobimo digitalno karto kotanj, ki je osnova za nji-
hovo morfometri¢no analizo. Iz nje lahko izra¢unamo razli¢ne
parametre, kot so povrSinska gostota, globine, oblike in te
povezemo z drugimi parametri, npr. nadmorsko visino. Opi-
sano metodo smo uporabili na obmocju Sierra de las Nievas
v provinci Malaga, Spanija. Gre za karbonatno obmog¢je,
ki ga drenirajo trije glavni izviri, kjer kraske globeli igrajo
pomembno vlogo pri napajanju. Na osnovi karte gostote do-
lin, ki temelji na 324 zaznanih vrtacah in uvalah, smo dolo¢ili
tri napajalna obmocja vodonosnika. Predstavimo tudi druge
morfometri¢ne rezultate povezane z velikostjo in usmeritvijo
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culation of morphometric features such as the geometry of the
depressions, the mean depth of the depressions, the density of
depressions across the study area and the relationship between
depressions and other variables such as altitude. The method is
illustrated by applying it to data from the Sierra de las Nieves
karst massif in the province of Malaga in Southern Spain. This
is a carbonate aquifer that is drained by three main springs and
in which the depressions play an important role in the recharge
of the aquifer. A doline density map, produced from a map of
324 detected dolines/uvalas, identifies three main recharge ar-
eas of the three springs. Other morphometric results related to
the size and direction of the dolines are also presented. Finally
the dolines can be incorporated into a geomorphology map.
Key words: DEM, endorheic depressions, poljes, dolines, spu-
rious depressions, cartography.

kragkih globeli. Metoda omogoca tudi enostavno umestitev
globeli v geomorfoloske karte.

Klju¢ne besede: digitalni model reliefa, zaprti bazeni, polja,
vrtace, lazne globeli, kartografija.

INTRODUCTION

Digital elevation models (DEM) are numerical represen-
tations of the topography in the form of the altitude (e.g.,
metres above sea level) of the terrain on a regular grid of
points. This is the raster format of the DEM, which is the
most widely used because of its suitability for numerical
analysis (Burrough and McDonnell, 1998). It has found
a large number of applications in earth sciences and en-
gineering especially in the context of geographical infor-
mation systems (GIS). For example, DEM are extensively
used in quantitative terrain analysis (Wilson and Gallant,
2000; Deng, 2007; Zhou et al., 2008).

Apart from the calculation of terrain derivatives
(slopes, aspect, curvature, etc) a major application of
DEM is in hydrological terrain analysis in which the
purpose is the automatic delineation of the drainage
network and watersheds together with the calcula-
tion of parameters related to accumulated flow in the
drainage channels. In these applications, depressions
hinder the automatic delineation and a lot of work has
been done in designing algorithms for the generation
of depression-free DEM (Arnold, 2010), that is, DEM
in which the depressions have been removed. However,
the automatic detection of depressions and the auto-
matic delineation of their geometry are of significant

interest in various geomorphological environments,
particularly in karst terrains in which maps of depres-
sions are of interest for the evaluation of geological risk
associated with potholes (USGS, 2011), the develop-
ment of erosion models (Lopez-Vicente et al., 2009)
and for geomorphology mapping (Siart et al, 2009).
Case studies covering the use of GIS techniques for do-
line delineation and their use in morphometric studies
of karst terrains may be found, among others, in Lyew-
Ayee et al. (2007), Telbisz (2009, 2010) and Ravbar and
Kovacic (2010). In this context, the automatic detection
of depressions offers an advantage over manual deline-
ation in various situations such as large study areas,
inaccessible areas or areas covered by vegetation. In
this work we propose a methodology for the automatic
detection and delineation of terrain depressions. The
methodology is illustrated by application to a karst ter-
rain in Southern Spain where the endorheic depressions
play an important role in concentrating the recharge of
the karst system. We show various morphometric re-
sults that can be obtained from the map of depressions
together with depression density maps that can be in-
corporated into a geomorphological map. We conclude
with a discussion and conclusions.

METHODOLOGY

In hydrological terrain analysis, a lot of research has been
done on the design of algorithms to generate DEM with
the depressions filled (i.e., removed). In this context, the
procedure proposed by Jenson and Domingue (1988) is
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the most widely used implementation in GIS software;
e.g., the implementation in IDRISI (Clark Labs, 2001),
which was used to generate the results that we present
here. More recently, the basic Jenson and Domingue
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algorithm has been extended, improved and modified
(Srivastava, 2000; Planchon and Darboux, 2001; Grimal-
di et al., 2007). The basic Jenson and Domingue (1988)
algorithm for removing depressions can be summarised
as:

1) Fill single-cell depressions.

2) Compute flow directions.

3) Delineate watersheds of undefined flow and de-
fine a drainage points table.

4) Find the threshold value for watersheds with un-
defined flow and raise all watershed cells that are below
the threshold.

Definitions of flow direction, undefined flow, drain-
age point and threshold value of the watershed as well as
a detailed description of the algorithm can be found in
Jenson and Domingue (1988). The algorithm uses itera-
tive spatial techniques (region-growing procedures) that
extend the algorithm beyond the neighbourhood opera-
tion. Adjacency is defined as eight-way (d8) connected-
ness, which implies that two cells are deemed to be adja-
cent if they share a side or a corner.

In brief, the method that we propose for the auto-
matic detection and delineation of depressions is based
on a simple idea: a digital map of depressions can be eas-
ily obtained by the map algebra operation of subtracting
the depression-free DEM from the original DEM. As the
method can be implemented using procedures already
included in commercial GIS software, we will not ex-

pand further here on the technical details. For example,
in IDRISI the method requires the following two sequen-
tial commands: 1) Pit removal (the input is the original
DEM and the output is a depression-free DEM), 2) Sub-
tract the pit-free DEM from the original DEM. As will
be shown in the case study section this is a simple, but
powerful, idea that provides very good results.

As with any automatic procedure, our method may
yield false positives and spurious depressions. False posi-
tives are true depressions created by man-made struc-
tures — such as dams, quarries, opencast mines or water
ponds - and are thus not relevant in the work described
here. Spurious depressions, on the other hand, are arte-
facts created by the algorithm in entrenched gullies, in
flat areas such as the flood plain of rivers or by the pres-
ence of a bridge. These are not real depressions as they
have a drainage point but the precision of the DEM is in-
sufficient to detect it; they are typically small and follow
streams. Thus the number of spurious depressions de-
creases as the cell size (resolution) of the DEM decreases
because the drainage of a given area is delineated with
greater precision. This can be checked by coarsening the
5m DEM to a 10 m DEM and then to a 20 m DEM. In all
aspects the results from a 5 m DEM should be much bet-
ter than those from the 10 m DEM and the 20 m DEM:
the number of detected dolines should increase, the de-
lineation of the rims of the dolines should improve and
the number of spurious depressions should decrease.

CASE STUDY

The study area is the Sierra de las Nieves karst aquifer in
the province of Malaga in Southern Spain, a few kilome-
tres South-East of the city of Ronda (Fig. 1). This is a very
rugged area with altitudes ranging from 400 m to 1919 m
(the Torrecilla peak is the highest altitude in the area). It
is a typical Mediterranean mountainous karst with high
rainfall (average of 1000 mm annual rainfall). This karst
massif is in the western-most part of the Betic Cordillera.
References for studies of relevant aspects of the Sierra
de las Nieves include Matin-Algarra (1985) for geology,
Delannoy and Guendon (1985) for geomorphology and
Linan-Baena (2005) for hydrogeology.

The methodology was applied to the highest avail-
able resolution DEM (Fig. 2a): a 5 m DEM from the In-
stituto Geografico Nacional of Spain, freely available for
non-commercial purposes at http://centrodedescargas.
cnig.es/CentroDescargas/. The 5 m DEM was derived by
automatic stereo image correlation of aerial photographs
from the Spanish National Aerial Orthophotography

Project (Plan Nacional de Ortofotografia Aérea — PNOA)
with a resolution of 25 to 50 cm/pixel. The precision of
the image is given as the root mean square error of 2 m
with a 90 % confidence interval of + 4 m. The Instituto
Geografico Nacional of Spain is responsible for main-
taining the nations geodetic system using the highest
quality standards. Although the planimetric and altimet-
ric precisions meet international cartographic standards,
in practice we are dealing with pixels, which represent
the mean altitude of an area equal to the pixel size and
located at the position of the pixel.

Fig. 2b shows the detected and delineated depres-
sions (dolines and uvalas in green) for the area of interest
inside the limits of the aquifer (white solid line in Fig. 2b).
From inspection it was clear that the spurious depressions
related to streams (see below) correspond very well to the
smallest detected dolines. By trial and error, a threshold
of 250 m? (ten pixels) was selected as optimal in the sense
of eliminating the spurious depressions.
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Fosedirales. L. de WA : s | Figure 1. Location of the Sierra de las
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Fig. 2b shows the results of ap-
plying the threshold; the total num-
ber of detected dolines is 324. Fig. 3a
is a detail of Fig. 2b showing a doline
field (with some uvalas) and Fig. 3b
is a detail of Fig. 3a showing depths
of the dolines measured from the
rim of each doline (i.e., not an abso-
lute depth with respect to a datum)
as given by the algorithm. The Fig-
ures show very clear delineations of
the dolines/uvalas that can be used
(see below) for calculating the pref-

DITE AN% SEA erential geographic directions of the

dolines.

Figure 2. A: Raster DEM with a pixel size of 5 m (square pixel side length). B: Automatic detection of depressions (324 dolines/uvalas in
blue). The solid white line is the boundary of the Sierra de las Nieves karst aquifer.

_Mbters
500,00

Figure 3. Field of dolines and uvalas. A: Detail of Figure 2B; the solid white line is the border of the Sierra de las Nieves karst aquifer.
B: Detail of Figure 3A showing depths as measured from the rim of each doline. The point of greatest depth (black in the figure) is the
location of the ponor.
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Figure 4. A: Detail of small zone near the centre of Figure 3A; B: topographic map of the same area. A comparison of the two Figures

shows that significant dolines (A) have been detected, a captured doline (B) that has not been detected, spurious small depressions
aligned along streams (C) and other smaller dolines (D and E) not evident from the topography map.
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Figure 5. A: Direction rose of 375 faults and fractures from the geological map. Each fault and fracture is weighted by its length. B:
Direction rose of 233 directions of development of dolines and uvalas. Each direction has a weight of 1.0, that is, it is considered to be
independent of the size of the doline, although in this work only dolines with an area greater than 250 m? have been considered.

Fig. 4a shows the detail of another area of the
doline field in Fig. 3a prior to the application of the
threshold so as to show the spurious depressions (C
in Fig. 4a). Fig. 4b is a topographic map of the same
area as that in Fig. 4a. A comparison of Figs. 4a and
4b highlights the strengths and weaknesses of the au-
tomatic algorithm: dolines that are not evident in the
topographic map may be detected and delineated but
captured dolines may be missed.

The elongation of dolines and uvalas coincides with
the principal directions of mapped faults and fractures,
which reflects the strong structural control in their devel-
opment. This structural control can be checked by com-
paring the directions of elongations of the geometries and
directions of alignment of the dolines with the direction
rose shown in Fig. 5. The histogram of directions in Fig. 5a
was calculated from 375 discontinuities (faults and frac-
tures) from the geological map of the study area. These
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N135¢°E, which coincide with
some of the principal frac-
ture directions of the Betic
Cordilleras (Benavente and
Sanz de Galdeano, 1985). The
directional histogram in Fig.
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' 5b shows the preferential de-
velopment directions of do-
lines and was calculated from
233 different measurements
of the dolines in Fig. 2b. The
correspondence with the di-
rections in Fig. 5a, especially
for directions N45°E and
N135¢E, is clearly obvious.
More  morphometric
results are shown in Figs 6, 7
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Figure 6. Morphometric results. Distribution of the dolines (as accumulated area) with respect to
altitude (metres above sea level). There are two important modes at 1050 m and 1700 m and a

smaller mode at 1350 m.

and 8. Fig. 6 shows the distri-
bution of dolines (accumu-
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Figure 7. Morphometric results. A: Relationship of doline area and mean doline depth. B: Relationship between mean doline depth and
maximum doline depth. The depth of each doline is measured from its rim.

discontinuities are of regional dimensions (from 300 m to
several kilometres) and show clear modes with azimuths
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lated area) with respect to altitude (m above sea level).
The most significant mode occurs at 1050 m, a secondary
mode can be seen at 1700 m and there is a third mode,
much smaller that the other two, at 1350 m. These three
modes correspond to the three principal dolinized areas
as shown below.

Fig. 7a shows the relationship between doline area
and mean doline depth; the dispersion of the positive

Figure 8. Density of dolines in m”.km on logarithmic scale in or-
der to highlight the range of values. The white dots represent the
three main springs of the aquifer and the white arrows represent
the connections between the areas with higher density of dolines
and the springs. The connections on the east has been proved by
tracer tests while the other two (on the centre and at the left) are
inferred from the known hydrogeology of the area.
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Figure 9. Geomorphology map of the Sierra de las Nieves aqui-
fer with dolines, potholes, karst springs, karst scarps, streams and
the boundary of the aquifer. This map combines the dolines in
Figure 2B with geomorphology features.

correlation decreases as the size (area) of the dolines
increases. Fig. 7b shows the expected strong linear rela-
tionship between mean doline depth and maximum do-
line depth.

Figure 8 is a map of doline density (m*.km™) plotted
on logarithmic scale to highlight local variations. There
are three main areas (dark green) that drain recharge
water towards the three main springs (white dots). The
white arrows show the connections between dolinized
areas and karst springs. Finally, Fig. 9 is a geomorphol-
ogy map of the Sierra de las Nieves aquifer that inte-
grates the field of detected and delineated dolines with
the principal geomorphology features.

In conclusion, 324 dolines/uvalas were detected,
more than half of which were not detected during previ-
ous field visits or from analysing aerial photographs.

DISCUSSION AND CONCLUSIONS

We have proposed a simple method for detecting and
delineating depressions: dolines, uvalas and any other
depression that occurs in the terrain as a false positive
(e.g., quarries, ponds). Spurious depressions (depressions
along streams, gullies or entrenched rivers) have been su-
pressed by using an area threshold for the retained de-
pressions, i.e., only dolines with an area greater than the
threshold are retained as genuine karst depressions. A
threshold of 250 m?, which corresponds to 10 pixels, ena-
bled 324 dolines and uvalas to be detected and delineated
and various morphometric parameters to be calculated.
The proposed method for the automatic detection
of dolines is an efficient tool for the geomorphological
mapping of depressions. We have demonstrated its use
for karst areas but it is equally valid for detecting seafloor
depressions or craters on the Moon, provided that a cor-
responding DEM is available. To achieve the best re-

sults the proposed method should be used in conjunc-
tion with all other relevant forms of information such as
topographic maps, aerial photographs, satellite images
and fieldwork. The method may detect depressions that
otherwise would not be detected because of access prob-
lems to the area, large dimensions of the study area, the
condition of the geomorphology of the depression (de-
pressions almost filled) or by being hidden by vegetation
cover. In addition, even if the doline is obvious in the
field or in an aerial photograph, the method delineates
the geometry of the depression with great accuracy. This
method could be added to the geomorphologist’s tool-
box and, in addition to geomorphological mapping, it
may be used for morphometric analysis (mean altitude
of dolines, depression density and other morphometric
parameters can be readily calculated).
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