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The most frequent use of Geographic Information Systems (GIS) in hydrology
has been in input/output data handling for modeling purposes, as well as in the
derivation of flow direction, flow length and slope maps from Digital Elevation
Models (DEMs). In turn, these maps have been merged with other maps, such as
soils, land use, and vegetation maps to obtain flow velocities, isochrones, and
Hydrologic Response Units (HRUs). This study presents examples of GIS appli-
cations to 1) create a depression-less DEM from contour lines of terrain eleva-
tion 2) interpolate groundwater heads based on head measurements at geo-refer-
enced points, 3) derive topographic catchments based on the DEM and derive
groundwater contributing areas to given surface points based on interpolated
head values, and 4) estimate streamflow characteristics based on topographic
catchments, groundwater contributing areas, and soil maps. Our results indicate
the usefulness of GIS applications in spatial hydrologic analysis, interpolation,

and prediction.

Introduction

GIS (geographic information systems) can be defined as integrated hardware, soft-
ware and procedures designed to support the capture, management, manipulation,
analysis, modeling and display of spatially-referenced data for solving complex
planning and management problems (Goodchild and Kemp 1990). In the following,
the term GIS is used to express the current capabilities of software products in geo-

graphic data modeling.
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There are numerous previous GIS applications to input/output data processing in
conjunction with hydrologic models (see e.g. Shea et al. 1993; Ross and Tara 1993)
and for visualization of input and intermediate data as well as final modeling results.
GIS also comes very practical in catchment and HRUs delineation. HRU's are dis-
tributed unit areas within a catchment characterized by common land use and phys-
iographic properties such as precipitation soils, topography, efc. GIS can aggregate
and disaggregate the spatial resolution of data and convert geographic data from one
geographic data model to another (e.g. grids, contour lines, polygons efc). For ex-
ample, point or line data are converted to area or surface data by spatial interpola-
tion. Commercial GIS incorporates a variety of spatial interpolation methods. For
example Arc/Info version 7.0.4 (ESRI 1995) features the following spatial interpola-
tion methods: inverse distance weighting, kriging, trend interpolation, and a func-
tion for creating grids of terrrain elevations from point, lines and polygons based on
the ANUDEM program (Hutchinson 1988; Hutchinson 1989; Hutchinson 1991;
Hutchinson 1993). Spatial data analysis functionalities of GIS (e.g. spatial interpola-
tion, processing of data’s spatial resolution, and data model conversion) render them
a flexible tool for data input/output to hydrologic models. Hydrologic models re-
quire inputs defined over a range of spatial resolutions and GIS are efficient data
processors that manipulate data resolution to fit hydrologic models.

The basis for many GIS applications in surface hydrology is Digital Elevation
Models (DEMs). DEMs facilitate the analysis of topographic control on water flow
and have become important tools in hydrologic modeling. Benosky and Merry
(1995), Jenson (1994), Moore et al. (1991) and Quinn et al. (1991) provide ex-
amples of how catchment characteristics can be extracted automatically from a
DEM. A DEM is an ordered array of numbers that represents the spatial distribution
of elevations above some arbitrary datum in a landscape (Moore et al. 1991). Three
different DEM schemes used to represent the ground surface in DEMs are; 1) squa-
re grid network, 2) triangular irregular network (TIN) and 3) contour based network.
A detailed discussion of advantages and disadvantages of these representations for
different applications is given by Moore et al. (1991).

An important task in surface hydrology is the delineation of catchments and sub-
catchments. Ridge lines can be extracted from a DEM to determine catchment boun-
daries. Other important tasks. in surface hydrology using GIS and DEMs are the au-
tomatic extraction of river networks and flow pathway delineation. These are active
areas of current research (Montgomery and Foufoula-Georgiou 1993; Fairfield and
Leymarie 1991; Tarboton et al. 1994). Local channel network extraction methods
(Peucker and Douglas 1975) and global channel network extraction methods
(O’Callaghan and Mark 1984) have been used in the last two decades. In global ex-
traction methods streams are extracted from a DEM by identifying them as pixels
with accumulated drainage area above some threshold value, called a “support area”
(Bloschl and Sivapalan 1995). Global extraction methods have proven better suited
for hydrologic analysis, as they better represent connectivity within the channel net-
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work. Contributing areas to given locations (e.g. stream gauging stations) and HRUs
are also easily delineated using DEMs. HRUs are delineated by overlaying of the-
matic maps (Fliigel 1996).

The usefulness of GIS and DEMs in hydrologic surface and subsurface catchment
delineation is demonstrated in this work, where topographic, soils, groundwater, and
hydrographic maps are processed, merged, and analyzed to give us a better under-
standing of runoff formation and sources at the catchment scale. Catchment hydro-
logic maps so derived are then used to develop statistical relationships relating soil
type to low-flow indices in the Vejle Fjord catchment of Denmark.

Study Area

The Vejle Fjord catchment, located in the eastern part of Jutland, Denmark, is our
study area (see location in Fig. 1). The catchment area is 736 km? and the land-use is
predominantly agricultural. Its soils vary from coarse sands to loams. The geology is
charactherized by many alternating layers. In general, however, layers from the ter-
tiary constitute the primary aquifer in our study area. In the western part of the
catchment, sandy quaternary layers overlie tertiary sand, while quaternary clayey
layers overlie tertiary clay in the catchment’s eastern region. In the region comprised
between the eastern and western areas, quaternary clayey layers overlie tertiary sand
layers. Confined aquifers predominate in the eastern part of the study area while
phreatic aquifers predominate in the western part of the area. Aquifers are less con-
tigous in the east where also the abstraction is more troublesome. Three landscape

60 0 60 120 Kilometers
e e e S —

coastline of Denmark
Vejle Fjord catchment
N

*

Fig. 1. Location of Vejle Fjord catchment
in Denmark.
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Fig. 2. Stream network from the Danish Hydrological Reference System and location of
gauging stations within Vejle Fjord catchment

elements predominate in the catchment. Its eastern part is mainly younger moraine
from the Weichselian glaciation period, while its western area is a mix of outwash
plains from the Weichselian glaciation period and old morainic deposits from the
Saalian glaciation period. Loamy soils predominate in the east (young moraine geol-
ogy) and sandy soils overlie the western parts of the catchment (underlain by old
moraine and outwash plains). Table 1 shows the distribution of soil types and
streamflow within sub-catchments (see Fig. 2). The mean annual precipitation is 87~
mm varying from about 700 mm in the eastern parts of the catchment to about 1,1uu
mm in its western region. The mean annual potential evapotranspiration is 554 mm
and the mean monthly temperature varies from -0.2 °C in February to 15.5 °C in
July. In the western part of the catchment most of the streamflow comes from gro-
undwater, whereas in its eastern parts tile drainage constitutes a significant fraction
of streamflow (especially in the winter, Simmelsgaard 1994). Maximum ground ele-
vation is 126 m above sea level, and the groundwater heads in the primary aquifer
varies between 0 m and 107 m above sea level rising up to a few m above ground at
some points (confined aquifers) and reaching depths of app. 100 m below terrain at
others. The location of stream gauging stations within the catchment is shown in
Fig. 2.
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Fig. 3. Stream network derived from a digital elevation model using a single flow-direction
algorithm.

Analysis of Digital Elevation Data

A number of spatial interpolation methods for converting points and contour lines to
a grid have been proposed (e.g., kriging, spline, distance weighting). An excellent
review is given by Lam (1983). In this study the Arc/Info function named TOPO-
GRID based on an iterative finite difference interpolation technique (ANUDEM)
was used to create a grid of terrain elevations from topographic contour lines, stream
network and coast line terrain elevations. Terrain elevation at the coastline was as-
sumed to be 0 m. Digitized topographic contour lines with a 5 m interval were read
into Arc/Info together with a digitized map of the coastline at scale 1:25,000 and a
digitized map of the river network in the study areas based on the Danish Hydrolog-
ical Reference System (DHRS, Jensen 1992). The DHRS is based on topographic
maps at a 1:25,000 scale. The chosen pixel size was 50 X 50 m.

After applying ANUDEM, closed catchments ( i.e. inland catchments without
natural overland drainage to the sea) were “filled” by raising the terrain elevation
until natural drainage takes place. Closed catchments or sinks are generally rare in
natural landscapes (Goodchild and Mark 1987; Mark 1988), and are herein consid-
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Fig. 4. Topographic boundaries of stream gauged catchments in the Vejle Fjord catchment,
delineated by a single flow direction algorithm.

ered as data errors. Therefore sinks were filled to ensure proper delineation of basins
and streams. A comparison between 1) the locations where water accumulates ac-
cording to the Arc/Info single flow direction algorithm (which chooses as the flow-
direction the direction of steepest slope among eight possible flow directions) and 2)
the location of stream networks shows a similar regional pattern but some local dis-
crepancies (compare Fig. 2 and Fig. 3). In order to ensure that the locations of DEM-
derived streams correspond to that of the Danish hydrological reference system,
streams can be “imprinted” or “burned” in to the DEM by artificially lowering the
terrain elevation of the stream cells from the Danish hydrological reference system
(Maidment 1995). In some cases, however, this technique has the disadvantage that
spurious parallel streams will appear and catchment boundaries will be distorted. In
this study, the river network derived from the DEM is used instead of that from the
from Danish hydrological reference system in view of their overall correspondence.
The river network was delineated from a depression-less DEM (i.e. filled and there-
fore without sinks) using a critical support area of 400 pixels, which corresponds to
1 km?. The delineation of stream-gauged catchments was complicated by discrepan-
cies between the location of stream gauging stations and the river network derived
from the depression-less DEM. In three cases the stream gauging stations were
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found to be located in pixels adjacent to the river network. In these three cases loca-
tion of stream gauging station was corrected into the river network. The topograph-
ic catchments draining to stream gauging stations were delineated, after correcting
the stations’ locations, by using a singe-flow direction algorithm with eight possible
flow directions based on the direction of steepest slope. The algorithm delineates
catchments by analysing the flow direction grid and identifying ridge lines. In a sim-
ilar manner the Vejle fjord catchment was delineated as the catchment area draining
to the coastline of Vejle Fjord. Fig. 4 depicts catchment topographic boundaries de-
lineated as described above.

Analysis of Groundwater Head Data

Geo-referenced groundwater head data from more than 10,000 geological bore-hole
samples collected since 1960 (Gravesen and Fredericia 1984) were read into
Arc/Info together with a digitized map of the coastline. The most recent measure-
ment was used in cases where more than one head measurement existed for the same
location. Terrain elevation at the coastline was assumed to be O m. The chosen pixel
size was 50 X 50 m. An inverse distance weighting procedure (Bussiéres and Hogg
1989; Philip and Watson 1982; Watson and Philip 1985 ) was applied to interpolate
groundwater heads between the borings. All borings within a radius of 1 km from
the interpolated points were used. In cases where less than 5 borings were found
within 1 km, the search radius was increased until 5 borings were found. The weight
assigned to the borings was chosen as one divided by the squared distance to the
interpolated points.

After applying the interpolation procedure, depth and area of remaining sinks in
the groundwater head surface were compared with pumping rates and recharge rates
in order to clarify whether sinks were real phenomena or errors. The comparison did
not reveal any coincidences between larger sinks and locations with high pumping
rates. Sinks were therefore filled to create a depression-less groundwater head sur-
face. In addition to surface water contributions to streamflow at the gauging stations,
groundwater also contributes as baseflow. Therefore, topographic catchments to a
river at a given site were delineated along with the groundwater contributing areas to
the same sites. A groundwater contributing area to a given river point is the area
from which groundwater have originated as groundwater but has leaked to the sur-
face and moved as surface water to the given point.

The delineation of groundwater contributing areas to given surface points was not
as straightforward a task as the delineation of topographic catchments due to the
groundwater flow pattern. Groundwater flow is controlled by hydraulic conductiv-
ities and gradients. The groundwater flow-direction can, in principle, be predicted
from a map of groundwater heads. One complication is, however, that groundwater
discharge to riparian areas, where groundwater head exceeds terrain elevation and
where the sediments between the stream and the aquifer are relatively permeable. In
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this case, groundwater becomes surface water, and flows according to the topogra-
phy rather than according to hydraulic gradients in the subsurface. Therefore, in pix-
els located in areas where the topographic catchment boundaries do not coincide
with the groundwater catchment boundaries, and in which the hydraulic head ex-
ceeds the ground elevation, groundwater originating in a catchment may be trans-
ferred (as cross-flow) to an adjacent catchment. The accurate prediction of ground-
water flow is further complicated by difficulties in calculating the amount of
groundwater that discharges to the surface in each pixel where groundwater head ex-
ceeds ground elevation. In theory this can be determined from knowledge of hy-
draulic gradients and conductivities. In practice, however, this requires a measure-
ment campaign which is beyond the scope of this study.

Alternative approaches for groundwater catchment delineation have been imple-
mented in this work. First, the total groundwater catchment to Vejle Fjord is delin-
eated from the groundwater head map solely. The assumption made here is that
groundwater follows hydraulic head gradients and emerges at the ground surface
somewhere within the topographic catchment or discharges directly to the fjord by-
passing the river network. Second, groundwater catchments draining to stream
gauging stations have been delineated using two different methodologies. In the fir-
st method, (method 1) groundwater is routed from pixel to pixel following the steep-
est gradient in hydraulic head until it reaches a pixel where head elevation exceeds
ground elevation. Thereafter, the water follows the topographical flow pattern. The
groundwater pathway thereby ends at the point of exfiltration. In the second method,
groundwater catchments draining to stream gauging stations were delineated as the
areas where groundwater contributes to the entire river network within the topo-
graphic catchments. Groundwater is hence routed from pixel to pixel following the
steepest gradient in head elevation, until it reaches a pixel where a stream is located,
from where it follows the topographical flow pattern.

A comparison of Vejle Fjord groundwater and topographic catchments is shown
in Fig. 5 and Table 1. The groundwater catchment is approximately 25% larger than
the topographic catchment. Discrepancies between the surface and sub-surface wa-
ter divides are largest in the north western parts, where groundwater flows towards
the eastern coast of Jutland and surface water flows towards the western coast of Jut-
land. A comparison of groundwater catchments draining to stream gauging stations
delineated by methods 1 and 2 is shown in Fig. 6 and Table 2. Discrepancies be-
tween groundwater catchments delineated using methods 1 and 2 occur in sub-
catchments Nos. 320002, 320004, and 330004, where method 2 yields smaller
catchments than method 1 and in sub-catchment 320022, where method 1 yields
smaller catchments than method 2. Discrepancies in sub-catchment Nos. 320002,
320004 and 330004 are caused by streams where groundwater head elevation does
not exceed terrain elevation. Discrepancies in sub-catchment No. 320022 are caused
by areas with no streams where groundwater head elevation exceeds terrain eleva-
tion.
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Fig. 5. Comparison Vejle Fjord groundwater catchment and topographic catchment.

Table 2 — Comparison of groundwater catchments draining to stream gauging stations delin-
eated by two different methods

Gauging station ID # Groundwater catchment area Groundwater catchment area
(method 1) (method 2)
km? km?
290008 104.9 104.8
320001 83.1 87.3
320002 182.7 154.6
320004 129.7 63.8
320022 8.2 21.3
330004 59.9 44.8

Method 1 : Groundwater is routed from pixel to pixel following the steepest gradient in head
elevation, until it reaches a pixel where head elevation exceeds ground elevation, from where
it follows the topographical flow pattern.

Method 2: Groundwater is routed from pixel to pixel following the steepest gradient in head
elevation, until it reaches a pixel where a stream is located, from where it follows the topo-
graphical flow pattern.
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