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INTRODUCTION

Groundwater is a very important natural resource and is widely used for
different purposes like drinking, irrigation etc. However, it can only be used if it is available in
good amount and is of good quality. The occurrence and movement of groundwater in any terrain
is mainly controlled by geology, topography, landuse, soil, geomorphology and structures.
Depending on the terrain characteristics, one or several of these parameters contribute to the
localization of groundwater. In India groundwater is used both for drinking as well as irrigation
purposes. The status of groundwater availability and development in India is given below.

Tablel. Dynamic Groundwater Resources of India (2004)

[y

Annual Replenishable Groundwater Resources 433 BCM
2. Net annual Groundwater Availability 399 BCM
3 Annual Groundwater Draft for Irrigation, domestic and | 231 BCM
Industrial Use
4 Stage of Groundwater Development 58%

Remote sensing data provides surface information, whereas groundwater occurs at depth
and may be a few meters or several tens of meters deep. Therefore, remote sensing data are
unable to provide any direct information on groundwater in most cases. However, the surface
morphological — hydrological — geological regime, which primarily governs the subsurface water
conditions, can be well studied and mapped on remote sensing data products. Therefore, remote
sensing acts as a very useful guide and efficient tool for regional and local groundwater
exploration, particularly as a fore runner in a cost effective manner.

The results of groundwater studies are traditionally presented in the form of thematic
maps, tables etc. This type of data representation however, has its own limitations as often these
maps give information of a certain point or location and that too is of limited type. Moreover, it
is time consuming and cumbersome to derive various derivatives from these maps and at the
same time it is difficult to draw significant inferences based on number of maps. In this context,
Geographic Information System (GIS) can be used, which is a computer based system designed
to accept large volume of spatial data derived from a variety of sources. GIS can efficiently store,
retrieve, manipulate, analyze and display various data according to the user defined
specifications.

Remote sensing data can provide information to GIS, where it can be combined with
other spatial data. Therefore, the two technologies are complementary to each other and if used in
conjunction can provide excellent results. Remote sensing analyses are improved by the
verification of data retrieved from the GIS, and application of GIS can greatly benefit from the
information that remote sensing data contain. Often the image data are the most current spatial
information available for an area. The use of digital image data offers the additional advantage of
a computer compatible format that can be input directly to a GIS. In the present lecture,
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application of remote sensing and geographical information system in groundwater studies will
be discussed.

APPLICATION OF REMOTE SENSING IN GROUNDWATER STUDIES

Groundwater studies may be conducted to explore the availability of groundwater, to
assess the groundwater potential or recharge potential, to determine groundwater vulnerability
etc. The conventional approaches for groundwater investigation, which are ground based field
surveys and exploratory drilling, are time consuming and uneconomical. The remote sensing
technique provides temporal and spatial information on geological and hydrological parameters
required for groundwater studies.

Repetitive coverage of the earth provides temporal and real time information on static
and dynamic resources. The geological and hydrologic information can be inferred by znalysis
and interpretation of remote sensing data. Hence, remote sensing technique provides vital
information on groundwater, which can be supplemented and verified by other field techniques
like detailed ground survey, geophysical resistivity survey and shallow seismic survey.

Remote sensing is an extremely invaluable tool for mapping landuse, landcover
categories and geomorphic elements needed for water resources planning and management. The
importance and use of remote sensing data in geohydrological application is its ability to map
landforms, drainage, vegetation, and soil. Appropriate compilation of these features results in
location of groundwater exploratory targets, recharge and discharge sites.

Landform. The shape, pattern and association of some landform features can be helpful in
identifying geological features. For example, alluvial landforms such as ox-bow lakes,
natural levees etc. are quite characteristic and typically produced by fluvial processes.
Similarly, Erosional landforms resulting in linear ridge-and- valley topography are formed due
to differential weathering and are characteristic of alternating competent and incompetent
horizons. Therefore, a systematic study of landforms is generally a pre-requisite in nearly all
geological photo interpretation studies. Various landforms which can be easily identified in the
hard rock areas are listed below in Table 1. These features can be easily identified on the
satellite images.

Drainage. Drainage is one of the most important geotechnical elements for geological photo
interpretation. The study of drainage on photographs includes three aspects: (a) drainage
texture, (b) valley shape and (c) drainage pattern.

The study of drainage texture comprises of drainage density (ratio of the total stream
length within a basin to the area of the basin) and drainage frequency (number of streams in
a basin divided by the area of the basin). Drainage texture is primarily influenced by three
factors: climate, relief and character of the bedrock or soil (i.e. porosity and permeability).
Drainage density can be described as fine, medium or coarse. Drainage is said to be internal
when few drainage lines are seen on the surface and drainage appears to be mostly sub-
surface, e.g. commonly in limestones and gravels. External drainage refers to cases in
which the drainage network is seen to be well developed on the surface. Low drainage
density (coarse-textured drainage) implies porous and permeable rocks, such as gravels, sands
and limestones. High drainage density (fine-textured drainage) implies impermeable
lithology, such as clays, shales etc. The shape of the valley may also vary and can give a good
idea of the bedrock or soil. Short gullies with V-shaped cross-sections often develop in sands
and gravels, whereas U-shaped gullies develop in silty soils. Long gullies with gently
rounded cross-section generally indicate clayey soils.
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Drainage pattern is the spatial arrangement of streams. Drainage patterns are
characteristic of soil, rock type or structure. Commonly, six drainage patterns have been
considered as the basic types whose gross characteristics can be readily distinguished from
one another. They are: dendritic, rectangular, parallel, trellis, radial and annular. Their utility

in geological interpretation is summarized in Table 2.

Table 1. Landforms in crystalline rocks and their groundwater potential

Landform Description Lithology Groundwater
potential
Structural hills | Ridges and erosional valleys | Competent rocks (quartzite | Poor
and granitic gneiss)
Inselberg Isolated residual hills in a | Quartzite, granite etc. Poor
vast plain
Pediments Low lying rock outcrops, | Crystalline with thin veneer | Moderate, suitable
sometimes  dissected by | of soil cover for borewell
gullies
Buried Low lying rock covered with | In-situ weathered material Good, suitable for
Pediments in-situ material generally dug well
with high moisture content
Erosional Elongated depression | Incompetent rocks like | Poor
Valleys occurring  between  two | phyllite or shear zones in
adjacent hills competent rocks
Valley Fills Marked by presence of | Coarse sediments and rock | Good, suitable for
palaeo-drainage pattern in | debris dug and dug-cum-
pediments borewells

Table 2. Drainage pattern and geological control

Type Description Geological control
Angulate Streams joining at acute angles Joints / fractures intersecting at acute angles
to each other
Annular Ring like pattern Structural domes
Dendritic Irregular, branching of streams, | Homogeneous materials and crystalline
resembling a tree rocks; horizontal beds; gentle regional slope
Parallel Channels running nearly parallel to each | Steep slopes; also in areas of parallel
other elongated landforms
Radial Streams originating from a central point | Volcanic cones, domes and residual
or region erosional features
Rectangular Streams having right angled bands Jointed / faulted rocks, e.g., sandstone,
quartzite etc.
Rectilinear Straight line pattern Strong linear structural control
Trellis Main streams running parallel, and | Dipping or folded sedimentary or low grade
minor tributaries joining the main | meta sedimentary rocks; areas of parallel
streams nearly at right angles fractures

Soil is formed by the operation and interaction of natural agencies of weathering and
erosion on the bedrock produce soil. The physical nature of soil therefore depends on the
bedrock material and agencies of weathering. Soils are classified as residual, transported or
organic, depending upon their origin. On the basis of composition and physical characteristics,
soils can be designated as clayey, loamy, silty, sandy, gravelly and combinations thereof.
Broadly, they are called fine-textured, medium-textured or coarse-textured. Soils have
characteristic hydrological properties, namely soil permeability and porosity, which govern
the surface run-off vis-a-vis subsurface infiltration. Soils can be grouped as poorly drained,
moderately drained, well drained and excessively drained. The coarse-textured soils, owing to
their larger grain size, are invariably better drained than the fine-textured soils, in which
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infiltration of water is inhibited. These properties underlie the response of soils on
photographs and images.

Vegetation. Vegetation in an area is controlled by climate, altitude, microclimate (local
conditions), geological/soil factors and hydrological characteristics. Commonly, alignment
or banding of vegetation is observed on aerial photographs, which may be related to
lithological differences or structural features. The height, foliage, density, crown, vigour and
plant associations depend on the soil-hydrogeological conditions present. Therefore, tone of
vegetation could be related to the bedrock, which may lead to broad vegetation bandings,
parallel to the lithology. In some cases, structural tectonic features such as faults, fractures
and shear zones produce water seepage zones, along which vegetation may become aligned.
This alignment may be picked up on the remote sensing data, especially in semi-arid to arid
areas with generally scant plant cover. Plants can thus reveal both structural and lithological
features in a terrain.

For groundwater exploration, the various surface features amenable to observation on
remote sensing data products can be grouped into two categories:

(i) First - order or direct indicators, i.e. those ground parameters that are directly related to
groundwater occurrence, (e.g. springs, canals, ponds, lakes, rivers and soil moisture etc.)

(ii) Second - order or indirect indicators, i.e. those hydrogeological parameters which regionally
affect and therefore reflect the groundwater regime, e.g. drainage characteristics fracture
systems, soil/rock type, structure, landform etc.

A list of features which can be extracted from satellite data include landforms, drainage
characteristics, landuse / land cover, soils, and lineaments and are given in Table 3. The landuse /
landcover reflect the availability of groundwater in a particular area. Vegetation indicates the
availability of adequate water where the groundwater may be close to the surface. The remotely
sensed drainage information indicates the presence or absence of groundwater as the surface and
subsurface drainage are inversely related. For instance, absence of a well-defined drainage
network over large areas subject to good rainfall may indicate occurrence of groundwater. The
lineaments are straight to slightly curvilinear features formed in many different types of
landscapes. In hard rock terrain lineaments have considerable bearing on subsurface water
resources. Faults, fractures and lineament intersection can be mapped using remotely sensed
data. Information on soils and topography gives idea on groundwater replenishment by rainfall.
The infiltration of rainwater and evaporation are greatly influenced by permeability of the soil.

Application-potential of remote sensing technique based on various groundwater
indicators is briefly discussed in the following paragraphs, with examples.

Features associated with recharge zones

Surface water bodies constitute an important source of groundwater recharge and hence
their identification is useful. Water bodies such as streams, canals, ponds and reservoirs are often
very well marked on all types of optical and microwave image data. However, certain spectral
bands such as near-infrared, thermal infrared and microwave are highly sensitive to surface
moisture. The groundwater recharge zones have relatively deep water-tables and show higher
reflectance than the discharge zones. Multispectral image data depicting spatial characteristics,
patterns and shapes of surface water bodies can indicate whether they are recharging the
groundwater. For example, if the streams appear to get thinner and thinner when going
downstream; evidently they are losing water into the ground. Also, the streams getting lost into
the after flowing for some distance, implying influent seepage.
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Table 3. Important indicators of groundwater on remote sensing data products

(a) First-order or direct indicators
1.  Features associated with recharge zones: rivers, canals, lakes, ponds, etc.
2. Features associated with discharge zones: springs and other sites of effluent seepage
3.  Soil moisture
4. Anomalous vegetation

(b) Second - order or indirect indicators
1 Topography
2. Landforms

3. Depth of weathering and regolith

4. Lithology

5. Geological Structure

6. Lineaments, joints and fractures

7. Faults and shear zones

8. Soil type

9.  Soil moisture

10. Vegetation

11. Drainage Characteristics

12. Special geological features like sink holes, alluvial fans, dykes, faults, shear zones, buried channels etc.,
which may have unique bearing on groundwater occurrence and movement

Features associated with discharge sites

Effluent seepage (springs) may be easily detected on panchromatic aerial photographs,
multispectral images and thermal IR images. The higher surface moisture content due to
seepage may result in abnormal lower ground reflectance, anomalous local vegetation
or temperature distribution. Effluent seepage may also be detected by radar, as the microwaves
are sensitive to surface moisture and vegetation. Remote sensing has been utilized to estimate
spring discharge from swamp areal extent in Kenya and from vegetation areal extent in
Botswana.

Soil moisture

Soil moisture is considered as a direct guide, and also as an indirect guide, for
groundwater studies. Moisture content influences the response of soil to EM radiations,
throughout the EM spectrum. On the panchromatic band, a higher moisture in soils leads to
darker photo-tones. As the infrared reflectance is highly sensitive to moisture content, the soil
moisture variation can be detected using the NIR and SWIR bands. For example, very high
reflectance in the visible and NIR bands and low drainage density point towards near dry surface
conditions, absence of vegetation and deep water table conditions. However, reflectance data can
hardly be used for quantitative estimation of moisture content, owing to a non-linear variation.

The thermal-IR region is also sensitive to surface moisture. The wet areas are sites of
evaporative cooling and appear cooler (darker) than the adjacent dry areas. The radar response
can also be used for quantitative scaling of soil moisture variation. The passive microwave
radiometry has a rather limited application owing to coarse spatial resolution.

Vegetation

Vegetation forms an important general guide for groundwater investigations, and
anomalous vegetation may serve as a direct guide for the same. Remote sensing data of the dry
season may bring out vegetation anomalies as water bearing fractures may sustain vegetation
even under dry/drought conditions. Vegetation can be studied on panchromatic aerial
photography, multispectral images, thermal-IR data and radar images. In the visible band, the
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pigments in leaves govern the reflectance response; therefore, on blue, green, red, and
panchromatic bands, the vegetation is generally darker than the adjacent rock or soil. Healthy
vegetation is strongly reflective in the NIR and this characteristic helps in discriminate healthy
vis-d-vis diseased/decaying vegetation. In the SWIR region, the reflectance is governed by leaf
water content and this spectral band has importance in evaluating vegetation stress. In radar
images, denser canopy leads to greater scattering and a corresponding higher radar return.
Suitably large-scale stereo-photo pairs may yield information on the type of plants that will
indicate groundwater conditions in the area. For example, the presence of phreatophytic
vegetation denotes a shallow water-table, whereas xerophytic plants would indicate dry arid
conditions. Palm trees indicate a shallow water-table but highly mineralized water.

Topography

Surface topography has a pronounced influence on groundwater occurrence; topography
also governs boundaries of the basin. The regional topography is best studied on stereo aerial
photographs. Besides, topographic maps, multispectral images and radar images are also useful
for this study.

Landforms

One of the widest applications of remote sensing data and aerial photography has been
in the study of landforms, because: (a) remote sensing particularly with stereoscopic capability
gives direct information on the landscapes, involving slopes, relief and forms, and (b) landform
features can be better studied on a regional scale using synoptic coverages provided by remote
sensing data, rather than in the field. Genetically, the landforms are divided into two broad
groups: (1) erosional landforms, and (2) depositional landforms.

(a) Erosional landforms are typically associated with the resistant hard rock terrains. From the
point of view of groundwater potential, valley fill is the most important landform unit. At
times, it may be difficult to place the boundary between buried pediments and valley fills,
on panchromatic aerial photographs and other raw data. However, dedicated image
processing of multispectral data could lead to better discrimination of such landform
features.

(b) Depositional landforms are a result of depositional processes of various natural agencies,
viz. river, wind, and glacier. They differ in form, shape, size, occurrence, composition,
association, and hence also in their groundwater potential. However, as they may also occur
in the regional setting of fractured hard rock terrains, they may play an important role in
groundwater development for local needs.

Depth of weathering and regolith

In hard rock terrains, the depth of weathering and thickness of regolith are important in
locating dug wells. Spatial distribution of rock outcrops can give a reasonable idea of the likely
thickness of regolith/overburden, and depth to bedrock. Thickness of regolith is also related to
landform and is likely to be more at lower slopes and in valleys. For this purpose, studies of
stereo aerial photographs and FCCs of multispectral images are particularly useful.

Lithology
Different lithologic units, i.e. rock types, can be inferred indirectly based on the rock

structures and resultant landforms. The first task is to identify the terrain, that is fractured hard
rocks versus unconsolidated sediments. On photographs and images, the hard rock areas are
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characterized by the presence of a number of features such as compositional bandings, bedding,
foliation, fractures, folds etc. Further, they have characteristic erosional landforms as described
earlier. The unconsolidated sediments are marked by the absence of the rock structures and
presence of various depositional landforms like alluvial fans, point bars, moraines, dunes etc.
From the point of view of hydrogeological investigations, the hard rocks can be divided into four
groups in this work: (a) crystalline rocks, (b) volcanic rocks, (c) carbonate rocks, and (d) clastic
rocks. Their salient photocharacters are summarized below:

Crystalline rocks: Widely different weathering characters are exhibited, depending upon
composition, structure, and climate; more prone to weathering in humid, warm climates than in
cold, dry climates; commonly occur as large size bodies (plutons), forming low-lying or
undulating terrains; in arid conditions, sometimes show woolsack weathering in which isolated
outcrops protrude through the weathered mantle. Drainage is generally medium density; massive
rocks have dendritic pattern while jointed and foliated rocks exhibit angular-rectangular patterns;
plutonic igneous rocks are massive; metamorphic rocks show foliation; lithological layering in
gneisses leads to bandings. Several sets of joints may be present; granites also exhibit sheeting
joints. Vegetated cover is variable. Spectral characters depend upon weathering, soil and
vegetation; generally fresh rock surfaces are lighter toned. Also generally, if acidic they are
lighter toned than basic and ultrabasic rocks.

Carbonate rocks: These are highly susceptible to solution by water; in humid climates,
carbonate rocks show karst topography. In arid regions, the carbonates form ridges and hills.
Drainage density in both arid and humid terrains is low; internal drainage is high in humid areas.
Bedding may be weakly developed; intercalations of other lithologies may enhance lithological
layering. Generally 3 to 4 sets of well-developed joints are observed; joint surfaces may become
curved due to solution activity. Light coloured, thin calcareous soil is often observed in
carbonate terrain; removal of carbonates may result in an iron oxide layer called terra-rosa.
Vegetation is variable, depending upon weathering and climate. Carbonate rocks usually appear
light toned; very often exhibit mottling due to variation in surface moisture.

Volcanic rocks: These are highly susceptible to weathering, which obliterates characteristic
landforms and features in older flows. Drainage is highly variable; absent or very coarse due to
high porosity in newer flows; often older flows display high drainage density and dendritic
drainage. Foliation or bedding is absent in volcanic rocks; successive flows interbedded with
weathered material and non-volcanic sediments may resemble coarse bedding (pseudo-bedding)
shown on the scrap faces. Joints may be well developed; columnar joints are typically present in
basaltic flows. Acidic flows have light toned soil cover and basaltic flows have darker toned soil
cover. Vegetation is sparse on younger flows; weathered areas may support vegetation and
cultivation. Tonal characters are related to composition, age, weathering, soil moisture and
vegetation.

Clastic rocks: Sandstones are resistant to weathering, whereas shales are incompetent and easily
eroded. Sandstones form hills, ridges, scarps, and topographically prominent features; shales
form valleys and lower hill slopes. Sandstones have low to medium drainage density, and
rectangular-angular pattern; shales have high drainage density and dendritic drainage;
intercalated sequences of sandstone-shale produce trellis pattern. Bedding is often very
prominent. Sandstones often exhibit compositional layering; massive and pure varieties lack
compositional layering. Shales are less commonly exposed, as they are usually covered under
weathered debris. Several sets of joints may be developed. Soil cover is variable. Shales usually
possess thick soil cover. Vegetation bandings may be present, sandstones being vegetated and
shales used as agricultural grounds. Tone is highly variable, depending upon vegetation and soil
moisture.
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Geological structures

Remote sensing techniques have found extensive application in structural studies. They
help decipher planar discontinuities in the terrain, and understand their disposition and mutual
relations. The discontinuities may be visible on simple photographs and images, or the remote
sensing data may be processed specifically to enhance certain structural features. Vertical and
steeply dipping planar discontinuities are therefore prominently displayed on the satellite images
and aerial photographs. On the other hand, the gently dipping or sub-horizontal structural
discontinuities are comparatively subdued, and are difficult to delineate, especially in rugged
mountainous terrain.

Bedding is the primary discontinuity in rocks, and is due to compositional layering; on
remote sensing images, bedding appears as regular and often prominent linear features, marked
by differential weathering, tone, texture, soil and vegetation; the linear features due to bedding
appear longer, even-spaced and more regular, in contrast to those produced by foliation and
joints.

Folds can be delineated by tracing the bedding/marker horizon along the swinging strike
and recognition of dips. Broad, open, longitudinal folds are relatively easier to locate on satellite
images than tight overturned isoclinal folds, owing to the small areal extent of hinge areas,
which may provide the only clues of their presence. Therefore, such folds need to be studied on
appropriately larger scales, such as on aerial photographs.

Lineaments including joints and fractures

Lineament studies are most important for groundwater investigation in hard rock
terrains. The technique of mapping fracture traces and local lineaments from aerial photographs,
has now been extended to satellite imagery for locating zones of higher permeability in hard
rock terrain. It has been shown that wells located on or close to fracture traces yield many times
more water than the wells away from the fracture traces, and they are more consistent in their
yield when located on lineaments rather than under other conditions.

The photolinears, i.e., linear alignment of features, are one of the most obvious features
on aerial photos and satellite images. The term lineament includes all structural, topographical,
vegetational, soil and lithological alignments, which are very likely to be the surface expression
of buried fractures and structures. This definition seems to be the most practical in the context of
remote sensing image interpretation.

Generally, the lineaments are related to fracture systems, discontinuity planes, faults and
shear zones in rocks. Dykes and veins also appear as lineaments; whereas dykes and veins can
be identified in field or large-scale photographs, fractures are usually covered under regolith.
The pattern of a lineament is important on the image. Lineaments with straighter alignments
indicate steeply dipping surfaces.

Ground element corresponding to a lineament would depend on scale of the
remote sensing data. Both small scale (such as satellite data) and large scale (aerial photographs)
are useful and ought to be used in a complementary manner for hydrogeological studies.
On regional scales (say 1:250 000), lineament features may be more than ca. 5 km in length,
representing long valleys and complex fractured zones; such data facilitate regional
selection. On larger scales (e.g. aerial photographs or IRS 1-C Pan images, say 1:20 000 scale),
shorter, local, minor drainage features, individual fracture traces and soil changes are
represented as lineament features; such data are useful in detailed investigations including
well siting.
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The identification of the type of fracture, i.e., dilational or shear fractures, is also very
important for groundwater studies as the former are more productive. This distinction can
sometimes be made on remote sensing data on the basis of two considerations: (a) relative
movement along an individual discontinuity, and (b) orientation and statistical distribution of
lineaments.

On an image, the lineaments can be easily identified by visual interpretation using tone,
colour, texture, pattern, and association. Alternatively, the automatic techniques of digital edge
(or line) detection can also be applied for lineament detection. However, these techniques are
found to have limited application due to the cropping up of many non-meaningful linears.
Therefore, the visual interpretation technique is preferred and extensively applied, although it
involves some degree of subjectivity, due to human perception.

As lineaments frequently represent fracture zones in the rock, they are associated with
zones of greater weathering, thicker soil cover, denser vegetation, higher moisture and valley
alignments. They are therefore also often characterized by lower electrical resistivity values.

Lineament density and drainage density maps can also be combined for regional
groundwater exploration; the target zones are marked by higher lineament density (representing
greater fracturing) and lower drainage density (implying greater infiltration). Lineaments
together with other features like landforms and drainage have to be considered for delineating
groundwater potential areas and siting of wells. For example, in hard rock areas, the
groundwater potential targets are marked by the intersection of lineament and valley fill. Here
precaution should be taken that the lineaments are fractures and not other features like surface
drainage ways, and it is advisable to locate boreholes away from drainage lines to avoid chances
of flooding. This consideration of sitting wells may be responsible for lower yields, in some
cases.

Faults and shear zones

The chief criteria for delineating faults on remote sensing data are as follows: (1)
displacement of beds or key horizons, (2) truncation of beds, (3) drag effects, (4) presence of
scarps, (5) triangular facets, (6) alignment of topographic features, (7) offsetting of streams, (8)
alignment of ponds or closed depressions, (9) spring alignment, (10) alignment of vegetation,
(11) straight segment of streams, (12) waterfalls across stream courses, (13) knick points (local
steepening of stream gradient), (14) disruption of channels and valleys.

As such, a distinction between faults and lineaments is difficult to make, the main
difference being that faults show evidence of movement. On remote sensing images, faults with
strike-slip movement are more readily discerned than those with only dip-slip movement. Like
lineaments, faults can be delineated on all types of remote sensing data - panchromatic, multi-
spectral, thermal-IR, and SLAR data.

Soil types

Soil types and humus content can be estimated from remote sensing data, particularly
panchromatic photographs. Soil types are intimately related to bedrock - for example, sandy
soils originate from arenaceous and siliceous rocks; clayey soils develop from argillaceous
rocks; basalts typically produce black cotton soils. Coarse-grained soils and sandy soils are
generally light toned. Saline soils are light coloured due to salt encrustation. Fine-grained soils
and clayey soils are moisture rich and generally dark toned. Clayey soils also have absorption
bands in the SWIR region. Humus content in soils is related to vegetation and moisture which
leads to darker tones.
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Drainage characteristics

For hydrogeological investigations, drainage is a very important parameter of study. The
drainage channels are characterized by the typical serpentine-sinuous shape and pattern; they
may appear differently on different spectral bands depending upon depth of water, turbidity,
vegetation cover etc. The condition of the channel including its pattern and density may give a
good idea of the hydrogeological characteristics of the terrain.

Special geological features

A number of geological features may be locally important, such as karst landforms (in
carbonate rocks), alluvial fans and buried channels (in clastic formations), dykes and reefs (in
voleanic and crystaline rocks), and unconformities (in almost all geological units).

APPLICATION OF REMOTE SENSING IN GROUNDWATER MODELING

Groundwater resources assessment, modeling and management are hampered
considerably by a lack of data. Usually, only a limited number of point measurements are
available, while groundwater models need spatial and temporal distributions of input and
calibration data. If such data are not available, models cannot play their proper role in decision
support as they are notoriously underdetermined and uncertain. Recent developments in remote
sensing have opened new sources for distributed spatial data. As the relevant entities, such as
water fluxes, heads or transmissivities cannot be observed directly by remote sensing, ways have
to be found to link the observable quantities to input data required by the model. An overview of
the possibilities for employing remote-sensing observations in groundwater modeling is
discussed below. The main possibilities are: (1) use of remote-sensing data to create some of the
spatially distributed input parameter sets for a model, and (2) constraining of models during
calibration by spatially distributed data derived from remote sensing. In both, models can be
improved conceptually and quantitatively.

The term remote sensing should not be confined to Earth observation systems with
sensors measuring in the visible, infrared and radio wave regions of the electromagnetic
radiation spectrum. It also includes geophysical surveys of gravity, magnetic, and
electromagnetic. Only the geophysical surveys offer the possibility of exploring the subsurface.
Remotely sensed data can be obtained from various platforms such as satellites, airplanes,
drones, blimps and masts. The ways in which remote sensing can contribute to groundwater
modeling are so numerous that this lecture can by no means cover all aspects. The selection is
based on the authors’ experiences.

Regional hydrological models such as groundwater models require distributed input
data. Classical hydrological measurements provide only point data obtained for example at a
weather station, a gauging station, or a borehole. One of the main problems in hydrological
research today is how to pass from point information to regional distributed information. Remote
sensing offers a possibility to do this for certain parameters required in groundwater modeling.
In principle, the patterns from remote sensing can be translated into a deterministic distribution
of input data on a cell-by-cell basis or in the form of zones. Even if absolute values of these data
are uncertain, they still reduce the degrees of freedom of the model and thus lead to a better
posed inverse problem and a robust solution. Remote sensing is, therefore, an extremely useful
tool in the acquisition of spatially distributed data for modeling. All raw remote-sensing data
present spatial patterns which can be related to features or processes above the surface (such as
clouds), on the surface (such as evapotranspiration), or in the shallow subsurface (such as
electrical conductivity). However, the parameters directly accessible by remote sensing are often
not the ones required in groundwater models. This means that the utilization of remote-sensing
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data requires another modeling step to convert them to data usable as input data or verification
data in spatially distributed models. It is the combination of the pattern information with the
point information at ground observation stations that allows spatial distributions of the parameter
in question to be obtained. The correlations between ground measurements and remote-sensing
data are subject to noise. Such stochastic relationships can, however, still be utilized in the
conditioning of stochastic models and data assimilation.

Take precipitation as an example for a distributed data set. From remote-sensing data
such as cloud temperature distributions or weather radar data on drop spectra,
estimates of precipitation can be derived through a model. The resulting
distribution of precipitation is uncertain as far as absolute values are concerned, while the
relative intensities are much more reliable. If the resulting distribution is scaled with
precipitation measurements obtained at stations on the ground, a map of absolute precipitation
quantities results which is superior to maps obtained from the mere mathematical interpolation
of station data.

In regions where spatial observation networks are extremely dense, remote sensing may
be of less interest. However, the main water problems of today are in developing regions of the
world with weak infrastructure, low accessibility, and data scarcity. It is in such cases that
remote sensing can develop its largest use for water resources management. Combined with
traditional methods remote sensing has a great potential in improving the quality of modeling
work.

In the following sections, the types of information which can be extracted from remote
sensing are described. Then four examples illustrate ways of using this information in
groundwater modeling. These examples include:

— The direct construction of an input data set (aquifer thickness)

— The reduction of degrees of freedom in inverse groundwater modeling

—  The calibration of a groundwater model by pattern information on a quantity that can both
be measured by remote sensing and calculated from the model

— The conditioning of a stochastic groundwater model with noisy input data from remote
sensing

What information contained in remote-sensing images is of potential use in groundwater
modeling?

Airborne geophysical surveys allow for the identification of faults and dikes, changes in
lithology and the depth of magnetic features. This information is helpful in constructing more
realistic conceptual models of aquifers. An aquifer that is compartmentalized by dikes and faults
will behave differently from an aquifer without such flow guides.

Geomagnetic surveys have, up to now, mainly been used in the search of Earth
resources of high economic value such as minerals and hydrocarbons. However,
once acquired, the geophysical data retain potential for many other applications including
groundwater exploration and management. Botswana, for example, has embarked on airborne
high-resolution magnetic surveys to cover the whole country, the primary aim being the
exploration of formations bearing diamonds and other minerals. Hydrogeologists in Botswana
are now beginning to benefit at almost no cost from the data acquired. Lineaments on the surface
have been identified early as conduits for groundwater flow  in fractured aquifers and hence
targeted for locating production wells. Their use in geology is already widespread. The
overlaying of lineaments mapped from conventional remote-sensing techniques (aerial
photographs and satellite images) and those derived from airborne geophysical methods can be
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implemented using geographical information systems (GIS) at both local and regional scales.
Some lineaments detectable by airborne geophysics may be due to deep-seated sources (up to
several tens of kilometers) and hence have no effect on groundwater flow in aquifers of interest,
which are mostly within a few hundreds of meters below the ground surface. Therefore, the
depths to magnetic sources must be estimated in order to retain only lineaments that are deemed
relevant to groundwater flow. On the other hand, lineaments identified with conventional
methods give only information on structures with surface expression and no information on
depth and vertical continuity of the structures.

Space-borne  gravitational surveys such as the Gravity Recovery and
Climate Experiment (GRACE) mission can be used to detect temporal changes in the
total water storage (surface water, soil water and groundwater). A 2- cm thick,
infinitely extended layer of pure water located at any depth below a gravimeter
generates an incremental gravitational acceleration of 1x10-8 m/s2 or 1 pGal (microgal).
The temporal change in total water storage (TWS) in the Earth system is
therefore directly proportional to the temporal change in the measured gravitational acceleration.
The potential of time-lapse gravity surveys to monitor the status of water resources systems has
been recognized for a long time. Ground-based time-lapse gravity  surveys were used
successfully to determine alluvial aquifer storage and specific yield, which is a key parameter for
the sustainable management of groundwater resources. Moreover, it has been demonstrated that
superconducting ground-based gravimeters reflect hydrological signals on the order of several
microgals. The GRACE twin satellites have dramatically improved the accuracy and
resolution of regional observations. This satellite mission delivers an accuracy of 0.4 uGal or 1
cm of groundwater on spatial scales larger than 1,300 km and delivers reliable observations of
the regional part of the global hydrological cycle. Although the spatial resolution is still less than
the size of typical groundwater systems, the prospects of this method for future use in
verification of models, especially for the determination of the storage coefficient, are bright. For
a phreatic aquifer, the surface of the terrain is also the upper boundary of the aquifer and
constrains the groundwater levels. Surface elevations can be determined by various remote-
sensing techniques, from airborne platforms (e.g. light detection and ranging LIDAR),
interpretation of stereo orthophotos, or satellite platforms using, for example, radar
interferometry. In the latter case, the phase differences in pixels seen from different points in
orbit allow a translation into differences in elevation. To obtain absolute elevation data and to
verify their relative distribution, accurate elevation data at ground control points are required.
These can be obtained, for example, with differential GPS (global positioning system). In many
applications, the depth to groundwater is of importance for environmental reasons, including
water supply to vegetation or salinization by phreatic evaporation. This distance is the difference
between the surface elevation given by the digital elevation model (DEM) and the groundwater
level.

Several preprocessed DEMs are available. A recent one is the shuttle radar topography
mission (SRTM) data set, a DEM covering all land areas between 60°N and 56°S latitude at a
90-m pixel resolution and a vertical accuracy of at best 5 m. While the spatial resolution is
sufficient for most groundwater applications, the vertical accuracy is not. Only LIDAR can
presently supply a sufficient vertical accuracy and spatial resolution to determine reliable depths
to groundwater. However, new missions aiming to acquire a global DEM with very high
accuracies and fine resolution are currently being developed, e.g. Tan- DEM-X (Microwave and
Radar Institute 2006; launch planned for 2009). If radar or LIDAR techniques cannot be applied,
be it for cost or for accuracy reasons, correlations between vegetation type, vegetation density or
other land surface characteristics reflected in multispectral satellite images on one hand, and
topographic elevation on the other, can be exploited. In some cases, particularly in wetlands,
topography can be inferred from land-cover maps at an accuracy not reached with radar
interferometry.
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High-precision measurements of the surface elevation changes can reveal
regional subsidence caused by piezometric depression around well fields or seasonal variations
of the groundwater level. Once a relation is given between subsidence and drawdown, a spatial
distribution of drawdown can be obtained from the amount of surface subsidence observed.
Differential GPS can also serve the purpose of determining temporal variations in the ground
level related to groundwater pumping or recharge. This information is, however, again point
like. Finally, river and lake levels can be determined by using radar satellites. Such data are
available close to real time, for example, see European Space Agency work on rivers and lakes.
Lake and river levels can be of relevance for subsurface hydrology if they are indicative of
groundwater levels.

The bulk of remote-sensing data relevant for groundwater modeling are data that
allow for quantification of the distribution of recharge or discharge. Recharge is one of
the most important quantities for sustainable ground- water management. In dry
regions, its estimation has been, up to today, a challenge, as it may occur only sporadically
at intervals of several years. It may also be spatially very heterogeneous due to the
distribution of precipitation, soil properties, water use by plants or runoff processes. One of the
earliest applications of remote-sensing relevant in hydrology was the characterization of
vegetation type, density and its status. This information is also of interest as a proxy for
evapotranspiration. Vegetation may be an indicator for the presence of water and the depth to
groundwater level.

For flat terrain, the groundwater recharge potential over long time intervals is the
long-term average residual between precipitation P and evapotranspiration ET. Both
quantities can be estimated from remote-sensing data. The precipitation can be estimated
from cloud temperature data by certain algorithms in combination with precipitation
data from meteorological stations on the ground. The Famine Early Warning Systems
Network offers such data at a 10-day temporal resolution for all of Africa. Evapotranspiration
can be derived from multispectral satellite data via a surface energy balance. To put it
simply, a dry pixel will heat up to higher temperatures than a pixel which has a large
amount of water available for evaporative cooling. In this sense, radiation data can be
related to evapotranspiration. The fraction of net radiation energy consumed by
evaporating water can be estimated with different methods. In SEBAL (surface energy
balance algorithm for land), the energy fluxes in the surface energy balance are calculated
explicitly, while in a simplified method, this fraction is determined from a pixel-wise plot of
surface temperature versus albedo. Other methods use different dimensions of the feature space
instead, e.g. the Normalized Difference Vegetation Index (NDVI), which is a measure of the
vigor of vegetation growth.

Unfortunately, both ET and P obtained from remote sensing are inaccurate. Calculating
the difference, P-ET, leads to error propagation, especially when both quantities are of similar
magnitude. This is often the case in semiarid and arid areas. Still, the spatial patterns of P-ET
may be of help in regionalization of traditional point measurements of recharge, e.g. obtained
with the chloride method.

The spatial distribution of recharge may be very heterogeneous even if the
distribution of precipitation is homogeneous. If water collects and infiltrates
in  depressions, those may dominate the total recharge of an area. This
process has been documented in Niger. Water surfaces forming in the landscape and their
temporal behavior can be identified by remote sensing, e.g. via radar or multi-spectral
characterization. Their density and distribution are indicative of the spatial distribution of
recharge. In wetlands, the interaction between surface water and groundwater is crucial for the
understanding of the wetland behavior. The development of water surfaces and flooding patterns
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over time is, in this case, a valuable data set for model calibration.

Groundwater recharge from rivers, streams and wetlands, under certain
circumstances, can also be inferred from remote sensing through anomalies in temperature
or electrical conductivity. In arid environments, evaporation is mostly through plants
in the form of transpiration. This increases salinity in groundwater and hence
electrical conductivity. The freshly infiltrated water beneath a stream, in contrast, has a low
electrical conductivity. The varying electrical conductivity of the underground can be detected
by airborne electromagnetic methods. On the fringes of the Okavango Delta, Botswana the
variations in groundwater salinity could be seen clearly from an airborne electromagnetic
survey. This approach has also been used for salinity mapping in the Boteti area just south of the
Okavango Delta. The data was validated by ground geoelectrical methods and drillhole
information.

In arid and semi-arid areas, the discharge of groundwater via direct evaporation
from the water table and evapotranspiration by trees may account for most of the
discharge of an aquifer. Discharge via a draining stream, as in a humid zone,
rarely occurs. The estimation of discharge via trees has been the subject
of remote-sensing studies looking both at ET derived from energy balance calculations
as well as single tree counts according to species and canopy size and combining this remote-
sensing information with information on the single tree, e.g. obtained from sap flow
measurements. Salt crusts indicate high water tables with phreatic evaporation. They can be
mapped by multispectral satellite data and used as an indicator for phreatic fluxes and depth to
groundwater.

Soil-water balance calculations as a function of time require data in addition to average
ET and P to account for water storage in the soil. A soil-water balance model
requires some information on the field capacity of a soil which could be estimated on the
basis of the soil type. Here, hyperspectral satellite information can help as well
as gamma radiation counts from airborne platforms indicating clay content. Soil
moisture itself and its temporal variation may in the future be accessible from passive and
active microwave sensors. A mission planned for early 2007 by ESA has been designed to
observe soil moisture over the Earth’s land mass. It has to be stressed though that the moisture
seen relates only to the top centimeters and the use of this data type requires substantial
modeling.

The vegetation vigor derived from multi-spectral satellite data can be used as an
indicator for irrigation and can, therefore, be employed as a relevant parameter in monitoring the
irrigated areas and for timing of irrigation. The main application of remote sensing of
hydrological variables already in operative use today is the scheduling of irrigation.

General process of applying remote-sensing data in groundwater modeling

Groundwater models are based on the flow equation

S%:V(K Vi) +w )

where S is the storativity, h the hydraulic head, t is time, K the hydraulic conductivity tensor
and w the distribution of sources and sinks. Together with boundary conditions in space and
time, the flow problem is uniquely defined. The equation and boundary conditions contain the
spatially distributed functions of hydraulic conductivity, storativity, and recharge. Via those
distributions as well as the boundary conditions, the geometry of the aquifer is defined.
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In general, only limited information on the spatial distribution of these input parameters
is available. Yet, a model computation needs a complete set of parameters. There are different
ways to determine or estimate those. In traditional model calibration, the aquifer is divided into a
limited number of zones. Within these zones, aquifer properties are assumed to be constant. This
means a strong reduction in degrees of freedom. The zonation should be such that the parameters
are expected to show little spatial variation within the defined zones. Remote sensing can play a
role in the definition of these zones. For subsurface features, structural elements as seen
in areal geophysical surveys together with point data from drillings and pumping
tests allow zoning. So the first main use of remote-sensing data is seen in the
spatial modulation and interpolation of input data, where otherwise a homogeneous value or a
purely mathematical interpolation function would have to be used. During the process of model
calibration, updated estimates of the missing parameters such as hydraulic conductivity (for the
defined zones), are obtained such that a historical record of head and/or flux observations can be
reproduced. This process is non-unique.

Piezometric head data do not reduce the uncertainty of the estimated parameters of
storativity, hydraulic conductivity and recharge, in case those parameters are only known within
large error intervals. If, however, the spatially distributed input data can be constrained, the
calibration problem stabilizes. Let us assume the spatial distribution of relative recharge can be
estimated from land use and soil type. And let us further assume that the yearly regional
variation can be estimated from local lysimeter data. Then the total function of recharge in space
and time R(x,t) could be reconstructed as the product of the temporal-spatial average of recharge
R,., a weighting factor f(x) expressing the relative values on areas with different land use and a
weighting factor g(t) expressing the relative proportion of recharge in a certain time interval, i.e.

R(x,t)=R,, f(x)g(r) (2)

If f(x) can be obtained from remote-sensing data and g(t) can be determined from point
data at a few lysimeters there is only one unknown parameter left and the large number of
degrees of freedom residing in a temporalspatial distribution collapses into one single number,
the temporal-spatial average value R,,.

Alternatively, remote-sensing information on properties such as recharge could
also be introduced in the traditional model calibration in the form of prior knowledge.
Ill-posedness of the model calibration can be mitigated by prior knowledge about the
parameters to be estimated. Remote sensing can even be introduced as a kind of soft (not exact)
information into the traditional zone based model calibration strategy. A more modern strategy
of obtaining model parameters is the stochastic modeling approach. It acknowledges that
all parameters are uncertain due to heterogeneity and/or measurement errors. Instead of a
single best parameter set, a large ensemble of possible parameter sets is determined using
stochastic information. This procedure also allows quantification of the uncertainty of the model
results.

Remote-sensing information intrinsically contains uncertainty because the correlation
between remote-sensing patterns and ground truth will not be perfect. The stochastic
modeling approach is able to use this type of information. The remote-sensing-based
data and ground truth can be used to generate a series of equally likely images of the
variable of interest within the uncertainty of the correlation. The co-located
co-simulation algorithm, developed in the geostatistical community, is suited for this purpose as
it is especially designed to handle exhaustive data on a regular grid. This algorithm simplifies
the relation between the remote-sensing data and the variable of interest to a linear correlation
coefficient (Markov assumption). The generated images are conditioned to the two different data
sources, and take into account their estimated errors, a (linear) correlation between them, and a
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variogram estimated from the spatially distributed remote-sensing data. These equally likely
images of the variable of interest sample the highdimensional space of possible spatial
distributions of the variable of interest within the uncertainty bounds mainly given by the
mismatch between remote-sensing data and ground truth. In a case where the resolution of the
hydrological model coincides with that of the remotesensing raster, and further, if the remote-
sensing data are perfect (perfect correlation between variable of interest and the measured
signal), this space of possible spatial distributions would be reduced to one deterministic “truth”.
As this truth will never be known, the stochastic calibration of a groundwater flow model
consists of the selection of an ensemble of realizations of input data (combined from stochastic
and deterministic information), which reproduce hydraulic head, flux and possibly tracer data to
a predefined degree.

There are different ways to proceed. An extremely large amount of equally likely
realizations (millions) of the variable of interest can be generated in the way described before
and processed through the hydrological model, until enough realizations have been found that
are consistent with the hydraulic head, flux, and possibly tracer data. The disadvantage is that
this is very inefficient, especially for strongly non-linear models. In case of conceptual model
errors, no valid solutions will be found.

Alternatively, a limited number of realizations (hundreds) of the variable of interest can
be generated and inversely conditioned to the observed hydraulic head data and tracer test data
by a Monte-Carlo-based stochastic inverse conditioning approach. These methods have been
developed to accommodate more qualitative facies pattern data obtained from outcrops.
Examples are the sequential self-calibration method, the pilot point method or the representer
method. The inverse conditioned realizations are conditional to hydraulic head data, tracer test
data and the direct measurements of the variable of interest, but not necessarily to the remote-
sensing information, as the relationship between the remote-sensing data and the variable of
interest cannot be handled by these algorithms. However, for all these algorithms, the remote-
sensing information would be preserved in some way in the inverse conditioned realizations.

In the literature, some approaches are presented that partially circumvent the
problem. A possibility is to constrain the variogram of the variable of interest in
the inverse-modeling procedure. However, this does not preserve the full information
potential of the remote-sensing image, as it only considers area-averaged two-point
statistics. One method developed for conditional probabilities includes exhaustive soft
information in  the sequential self-calibration  procedure by perturbing the
conditional probabilities (conditioned to the exhaustive soft information as well)
instead of directly perturbing the values for the variable of interest. Also, this approach
has some drawbacks: a large number of indicator variograms has to be inferred, and
the indicator variograms are area-averaged two-point statistics. In addition, the
perturbation of the image is only constrained by the inferred univariate
local-conditional probability density functions. The modified sequential
self-calibration approach and introduce an extra term in the objective function
that penalizes a too strong deviation between the calibrated pattern for the variable
of interest and the satellite information related with the variable of interest. This method
does not need to make the stationarity assumption. Other geostatistical methods require
that the spatial distributions are stationary. The method, however, allows any kind of remote-
sensing information to be included in groundwater models that are available as exhaustive
gridded information, and that show a correlation with a variable of interest (e.g. recharge rate,
aquifer thickness). Notice that a critical step in the methodology consists of establishing the
(statistical) relationship between the remote-sensing signal and the values for the variable.
Together with the statistical relation, the uncertainty of the established relation should also be
quantified.
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Remarks

The potential of remote sensing for improving models is considerable and still to a large
degree untapped. The range of applications is substantial as the introductory examples from
literature show. They are even wider if more qualitative results of purely visual interpretations
are considered, which were not discussed here. With all justified optimism, expectations for the
easy use of remote-sensing data in groundwater modeling should not be exaggerated.

The defaults of any single method can be counteracted by combining several methods.
As in the case of environmental tracers, it is the combination of methods that makes information
conclusive. The remotely sensed data unfold their usefulness usually in combination with a
model in which even noisy or correlated data can be used for conditioning. Finally, it should be
remembered that the largest and most costly effort in applying remote sensing data to
groundwater models lies in the field work necessary to obtain a sufficient data base of ground
truth.

APPLICATION OF GIS IN GROUNDWATER STUDIES

The accuracy of classification of groundwater potential zones can be improved by using
the remotely sensed data along with ancillary data like topographical, meteorological and
geophysical data. An effective and integrated utilization of remote sensing and other data
requires an efficient spatial data processing system which can handle both spatial and non-spatial
data. GIS is rapidly evolving technology that consist of computer based programs containing
specialized algorithms and associated data base management structures, frequently in an
integrated package

The increasing volume of available spatial and non-spatial data with all its complexity
and subsequent demand for the storage, analysis and display of these voluminous data has led in
recent years, to the use of computer for data handling and creation of sophisticated information
systems. Effective utilization of large volumes of spatial data depends upon the existence of
efficient systems that can transform these data into usable information.

For the evaluation of groundwater potential of a basin, extensive exploration and
management studies are carried out. This involves hydrogeological and hydrogeochemical
studies of the basin. The result of such studies is usually been presented in the form of various
maps, tables, graphs and data such as:

e Contour maps

e Lithological maps

Geological and structural maps

Soil maps

Landuse / land cover maps

Drainage maps

Tables of varying data/observations

Point data (rainfall, chemical characteristics, hydraulic conductivity, etc.)

The application of GIS for groundwater exploration and management is basically for
mapping, analysis, predicting and modelling. With the use of Digital Elevation Model (DEM)
geomorphic characteristics of an area can be analyzed and classified according to ground
conditions and project requirements.

In the context of groundwater studies, GIS technology is considered useful as it
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facilitates handling of diverse type of spatial information, e.g. topographic maps, landform maps,
geological maps, various contour maps of water table and water quality etc. and offers flexibility
of operation, speedy proceeding and higher accuracy. The evaluation of the groundwater
potential of a basin involves extensive exploration and management studies to be carried out.
This incorporates hydrological and hydrogeochemical studies of the basin.

Groundwater data has been traditionally presented in the form of maps, tables etc. This
type of data representation has many limitations and drawbacks. The problem of analog and
tabular data becomes all the more tangible when collective or integrated interpretations of
different data (or maps) are required.

Using GIS analysis functions various user defined constraints images/maps of any basin
can be generated involving several groundwater quality parameters, such as TDS, pH, chloride,
bicarbonate etc. along with groundwater table maps. Various output images can be generated
which may show areas of groundwater suitable for drinking, irrigation and industrial purposes.
Different overlays of groundwater quality parameters can be combined in the form of false
colour composite. These composite images provide an integrated interpretation of continuously
varying different groundwater quality parameters.

GIS IN GROUNDWATER MODELING
Modeling and GIS

A model is a representation of the real world. In the GIS world, this occurs through
mathematics. A series of mathematical formulas are linked together to explain the workings of a
particular phenomenon. A good model has the ability to predict the outcome of a set of inputs, as
they would affect the real world.

Simulation Models

A simulation model is used to analyze the known information about a data feature. This
could be a stretch of stream, a point-source of pollution, or a census tract. A simulation model
uses information from the data table associated with the object, plugs that information into a
formula, and creates a new result based on the information from one or more variables. An
example of this would be using a model to find all the upstream tributaries of Section X of a
river. The model would look for a field in the associated information table that indicated what
sections flowed into Section X. From those sections, it would look and find what sections flowed
into them. The model would continue to look until it reached all the headwaters of the upstream
tributaries. It would then return the results of all the upstream waters for Section X. This is just
one example of a simulation model.

Predictive Models

A predictive model, on the other hand, is used to predict how a change in a variable
will affect other conditions. Once again, this can be applied to any data feature, but it applies
more to the attributes of a feature than the feature itself. For instance, such a model might be
used to predict the effect of a specific discharge on oxygen demand. Let us say this model
predicts the dissolved oxygen curve downstream of the discharge. This model has been tested
extensively against the known behavior of certain discharges and found to be accurate. For a
particular analysis, one might want to know what effects will result from a new wastewater
treatment plant that is in the planning stage. Using the model, one could find what downstream
sections of a river will be affected and how the dissolved oxygen curve will respond. This model
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could account for the other discharges that are already being released into the river and calculate
the cumulative effect.

As you can see, there is quite a difference between simulation and predictive models.
Simulation models deal with extracting more information from what is already known about a
feature. Predictive models deal with changes that will occur if certain variables of a feature
change. Both these types of models can apply to groups of features or whole coverages, as well.
These both have a variety of applications for managing environmental problems.

One area that has made good use of models is groundwater pollution. There are many
models that deal with groundwater flow and the transport of pollutants in groundwater. These
formulae predict the groundwater flow rate, direction, and volume, based on inputs like
precipitation, porosity of certain layers of rock, and other variables. Knowing the behavior of
certain pollutants, pollution modelers can predict the plume of a chemical spill and how it will
affect groundwater. One of the most common examples is when a subterranean gasoline tank
leak causes a plume that floats along the top of the water table. Using a model, analysts can
predict the extent of the plume.

Linking models to a GIS makes the model easier to interpret. In the example above,
users can graphically display a pollution plume and analyze its extent. This could be combined
with population data to show what population could be affected by the leak. This is just one
example of how GIS and models can work colectivelly. The next section discusses how they can
be joined together.

Joining GIS and Models

There is a spectrum of methods for joining GIS to analytical models. This is usually
divided into three broad categories: tightly coupled, closely coupled, and loosely coupled. These
three divisions are not sharply defined, but represent a general categorization scheme.

The characteristics of each group are explained below:

Tightly Coupled: When a GIS and a model are tightly coupled, it means that they share a
common interface and the model is embedded within the GIS software. This requires that the
software vendor create specialized software specifically for the application involved.
Consequently, tightly integrated models are not as common as more loosely coupled models.
Some tightly coupled models exist for common applications like flow direction and shortest-
route functions. Two examples of tightly coupled models are ESRI's ArcView Street Map and
Tracking Analyst extensions for ArcView.

Closely Coupled: A much more common scheme is to have a closely coupled model. In this
scheme, the model and the GIS once again can share a common interface, but the model is
created as a program in the GIS scripting language. This allows GIS users to join their own
models without waiting for the software company to do it for them. It requires a lot of time to
create the modeling functions in the GIS script, but after the initial investment the model can be
directly accessed from the GIS by using a button or a special screen. ESRI has compiled a Script
Library containing scripts written by ESRI staff and other GIS users. Unfortunately, problems
can occur if the model needs to be updated (which results in hours of coding) or if the model is
too slow.
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Loosely Coupled: The final scheme for joining GIS to a model is known as loose coupling. In
this method, the GIS and model remain separated, including a separate interface. However, there
is a link between them that allows data to be transferred from one to the other. A set of data from
the GIS can be imported to the model, analyzed, and sent back to the GIS for interpretation. This
is probably the cheapest method of integration, but it has its drawbacks. Controlling the data
flow from two different interfaces can be difficult and inefficient. This method is probably best
for scientists who already have a well-established computer-driven model, and need to integrate
it with GIS data for analysis.

GIS/Model integration

So we have to develop interface processes that generate model input or out put in a
format that is easily uploaded in GIS, or transformed from GIS to the model. The GIS-Model
interface consists of a series of computer program that transfer the database to model, and from
model to GIS data base. Integration of GIS and model consists of the three levels which are
described below.

Lowest Level of Integration

Figure 1 depicts several levels of integration between models and a GIS. The lowest
level of integration consists essentially of using the GIS as an aid in developing the input data
file for the model. A user then takes the preliminary data file and modifies it to produce a
complete input file in the format required by the model.

Second Level of Integration

The next level of integration is to use an interfacing program specifically written to
communicate between the GIS and the model. The interface program may serve as a control
program issuing commands to the GIS and the model output from the GIS is converted into the
proper input format for the model and then read in to the model output from the model may
likewise be converted to a GIS format and then displayed by the GIS. All of these operations are
carried out under controlled of the interface program.

Third Level of Integration

A third level of integration occurs when the interface program is incorporated into the
model. This requires modification to the input/output routines of existing models or developing
special input/output routines for new models. Some programming may also be done within the
GIS to alter its input/output structure to make it more compatible with that of the model. If one is
making extensive changes to a model or developing a new model, this level of integration would
be appropriate.

Highest Level of Integration
The highest level of integration occurs when the model and the GIS are essentially a

single, integrated unit. One way of achieving this is by programming the model using the
program language appropriate to the GIS being employed.
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_ Results

Fig. 1 Interface between GIS and groundwater model (after Singh et al., 1996).

APPLICATION OF GIS IN GROUNDWATER MODELLING

Starting works in ground water modeling requires the translation and transform of
information on maps, charts, and tables into computer readable form. The work was lengthy,
tedious, and error prone. Changes those were required in the data sets in the course of calibrating
the models often involved sifting through thousands of numbers to make what often turned out
to be minor modifications to the input data sets.

The specification of hydrological information such as rainfall, parameter information
such as hydraulic conductivity, design parameter specification such as well locations and
discharge values, and auxiliary conditions such as boundary conditions all involve the
organization and manipulation of enormous quantities of data. Virtually all of this information is
spatially, and in some instances temporally distributed. Much of it is available in computerized
database either as maps in bitmap or vector image format or as data tables. Due to advantages in
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computer-graphical technology, the information in such database is now accessed most
efficiently through GIS systems.

Using the GIS approach, the analyst works with the original spatial information: for
example, information provided on maps. Such information is generally accessible and is
normally cataloged and presented in commonly understood terminology rather than in the more
specialized vocabulary of the groundwater modeling professional. A visually based, computer-
graphical approach, this method of data organization and analysis is much more intuitive than
cumbersome utilization of numerical arrays.

Collecting the large number geographical data required for ground water modeling is
very laborious if done by hand. For both the pre processing as well as the post processing stage,
the use of the GIS saves much time and becomes possible to improve more results. In general
the input parameters for existing hydrologic models are prepared in the GIS and passed on to the
model via an interface. During the compilation of the model parameters, for example, the
configuration of the aquifer bottom may be estimated by interpolation of data from bore holes
and other data sources. The permeability values may also have been interpolated. There could be
interactions between GIS and hydrologic model at various stages of the modeling if the model
produces spatial output, such as groundwater flow model.

For the transient modeling mode, time variant spatial input of recharge in time steps of
decades may be required. This could be estimated by preparing in the GIS a soil moisture model
based on a combination of soil or over burden and rooting depth associated with cover types and
rainfall and evaporation data. Where relevant, estimated river bed transmission losses could be
added to estimate.

Calibration of Groundwater Model by GIS

During the calibration of groundwater model the GIS could be effectively used. An
example illustrates the strength of rapidly comparing the patterns of modeled results with the
patterns of ancillary data for the calibration processes. The results of the model heads within the
alluvial region before calibration are shown in Fig. 2A. A map of the observed heads has been
made by using the well data and an interpolation procedure in the GIS. By subtracting the two
maps, the difference map was prepared (Fig. 2B).

As can be seen there are places with important deviations which need to be clarified and
the input parameters have to be changed. Recharge was estimated independently from soil and
climatic data using a simple budget model. Based on the soil map the estimated recharge map
(Fig. 2C.) was prepared. As can be noted from the patterns, however only minor or no
improvements can be expected by changing this input in the groundwater model. Comparison of
the patterns on map (B) and the drainage map (D) reveals that the model predicts outflow areas
but the result are exaggerated. Possibly the denser drainage reflects the need to drain the surface
and thus outflow resistance has to be interpolated in the model.

Automated Model Calibration

Calibration is the process of modifying the input parameters to a groundwater model
until the output from the model matches an observed set of data. Some GIS package (as for
example GMS) includes a suite of tools to assist in the process of calibrating a groundwater
model to point and/or flux observations. When a computed solution is imported to GIS, the point
and flux residual errors are plotted on a set of calibration targets and a variety of plots can be
generated showing overall calibration statistics. Most of the calibration tools can be used with
any of the models in GIS.
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Fig. 2 Example of use of GIS for calibration procedure of groundwater modeling results (after
Meijerink ef al., 1994) A. The results of the model heads within the alluvial region before calibration; B.
Difference of heads between observed heads and heads interpolated from GIS; C. Estimated recharge

map; D. Drainage map.

Fig. 3 Automated model calibration by Groundwater Modelling System

Background Images

GIS generated maps of simulation results with relevant background information are an
integral part of the key project decisions made with the ground model. GIS can view the model
result on its background image or information (such as roads and other key features of the study
area). This ensures the proper location and also helps to relate the model results to the other key
features of the study area.
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GIS Based Model Conceptualization

Conceptual model development is necessary precursor to groundwater model
development. One of GIS’s (as for example GMS's) greatest strengths traditionally have been
the conceptual model approach. With this approach, a conceptual model is created using GIS
objects (points, arcs, and polygons) and elevation data (solids, scatter points, or boreholes). The
conceptual model is constructed independently of a grid or mesh. The conceptual model defines
the boundary conditions, sources/sinks, and material property zones for a model.

Grid/Mesh Creation

Once the conceptual model is created, a grid or mesh can be automatically generated by
GIS from the conceptual model. The grid is fit to the model boundary and refined around wells
or other user-specified refine points.
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Fig. 4 Finite element grids created by GMS

3D Model Conceptualisation

GIS presents new and improved tools for the creation of complex 3D stratigraphy
models and the ability to translate that 3D object directly to a finite-difference grid model or
finite-element mesh model. The “Horizons™ of GMS approach allows creating complex solids
from borehole and cross section data quickly and easily. These tools allow creating solids with
complex stratigraphy such as pinch out zones, truncations, and outcroppings. We can transfer the
results (material properties) of a solid model directly to a numerical model such as a
MODFLOW grid or a FEMWATER mesh.

Displaying Isosurfaces

An isosurface is a 3D planar surface defined by a constant parameter value in 3D space
and is easily created by GIS. Isosurfaces are typically used for demonstrating the spatial
distribution of a selected parameter. For groundwater modeling purposes, isosurfaces are
generally used for represent heads, drawdowns and concentrations (examples are give nting the
spacial distribution of n bellow).
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3D Solid Model

Cross Sections |

Fig. 5
Construction of 3D solid model by GIS
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Animation

Both steady-state and transient solutions can be displayed in an animated format (as if
viewing a movie) using either vector, iso-surface, color fringe, or contour animation. For
example, animation of & transient solution allows the user to observe how head, drawdown,
velocity, and contaminate concentration vary with time. Creating 3-D animations and "fly-by's"
as well as time-varying simulations allow to clearly communicate complex subsurface
conditions, temporal variations and trends to the entire project team, in an intuitive and easy-to-
understand visual format.

Few examples are given below:
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Fig. 7 An animation displays isosurfaces created
using user-specified sample values. An aerial
photo is mapped on the ground surface and the
boreholes are displayed for orientation (Generated
by 3D Master™),

Fig. 8 An animation shows fluctuations of the
water table due to pumping and injection wells.
After all wells have been shut down, the
groundwater table recovers.

Fig. 9 Animation of a concentration plume. The
source of the plume is located on the ground surface
to the left of the model. Due to pumping in the
lower aquifer and recharge at the ground surface, the
concentration plume flows through the confining
layer (not displayed) and reaches the lower aquifer.

GIS: Concepts and Application in Groundwater Vulnerability Assessment

GIS represents a new, powerful set of tools that can significantly improve the usefulness
of results obtained during the groundwater modeling process. Bridging the disciplines of
groundwater modeling, computer graphics, cartography, and data management, it represents a
computer-based set of tools to display and analyze spatial data (e.g., water level elevations,
groundwater quality data, modeling results, groundwater pollution potential). GIS can be defined
as a computer-assisted system for the efficient acquisition, storage, retrieval, analysis, and
representation of spatial data. Most GIS platforms consist of numerous subsystems that perform
the listed tasks.

GIS has been widely used for natural resources management and planning,
primarily during the past decade. GIS can be combined with a ground-water quality
model to identify and rank the areas vulnerable to pollution potential for different scenarios and
land use practices. Many GIS software packages are available like GRASS. It's raster-based
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public domain software developed by the U.S. Army Construction Engineers Re-search
Laboratory. This software can assign different weights to, or reclass, the data layers and combine
map layers, and is suitable for implementing the DRASTIC and SEEPAGE models. ArcView is
GIS software developed by Environmental Systems Research Institute (ESRI) in Redlands,
California in 1994.

Three separate data models are supported by GIS: (1) vector data, (2) raster data, and (3)
Triangulated Irregular Networks (TINs) (Fig. 10). Vector data includes feature representation
with points, lines, or polygons. For example, the monitoring wells for a site could be mapped as
a point data source. Example line features include rivers, roads, and boundaries. Some polygon
feature examples are buildings, lakes, and watersheds. While vector data are the most common
format, other data sets are better represented with grids, where each cell in the grid
has a particular value. This type of format is referred to as raster data and is effective
for representing elevations and concentrations. Triangulated irregular Networks are
the final type of data model and are particularly useful for surface representation
and three-dimensional mapping. TINs are constructed by connecting a group of points,
such as surveyed elevations. The lines that connect these points form triangles, and
since each point in the TIN has an associated value, each triangle in the model (i.e.,
continuous surface of planar triangles) is sloped. This allows for powerful visualization
capabilities with a three dimensional viewer. The most common method of connecting points to
form a TIN model is Delauney triangulation, which maximizes the minimum interior
angles of the triangles formed, thereby avoiding long and thin triangles.
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Fig. 10 GIS data model

Any one of the commercially available GIS software packages can be used
in the groundwater vulnerability assessment process. However, the prodnete of
Environmental Systems Research Institute, Inc. (ESRI) (ArcView GIS Version 3.2a)
has been employed in this research work. This software has been chosen based on
ease of use and worldwide availability. ArcView’s graphical interface allows a user
to display spatial data, build maps, query data sets, create charts, and perform calculations.
For purposes of a spatial environmental vulnerability assessment, ArcView is the most
effective software tool. Its analytical capabilities have improved significantly over the
past few years, and unless otherwise noted, all the methods discussed in this document can
be performed with ArcView.

One of the advantages of a GIS such as ArcView is its ability to connect with many
different applications in a PC-based environment (Fig. 11).

The examples of the application of GIS in groundwater vulnerability assessment can be
broadly grouped into two categories.
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ii.

Maps

Databases MModels

Fig. 11 GIS Application in PC-Based Environment

The first category includes those studies which combine geoscientific information, either
raw data or results of groundwater modeling, with information characterizing the
hazardous activities in order to assess either the environmental impact or human exposure
risk resulting from groundwater contamination.

In the second category, geoscientific information is handled within the GIS
and then interfaced with a groundwater model to assist input and displayed
with an amount of groundwater data at both the pre and post processor stages
of modeling. GIS interfaced is used with a groundwater flow model to delineate
well head protection areas. Interactive ground and surface water resources modeling for
environmental management, where systems are designed to integrate GIS, large databases,
simulation models, expert systems and tools for graphical display.
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