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Preamble
In order to present a forward look in this farewell lecture, it is useful to

sketch why we actually want to use satellite data and geo-information in

water science and water management. And since many in the audience may

not be familiar with the subject matter, an attempt is also made to illustrate

how we use them and where, leading in conclusion to what – at least in my

opinion – we should do next.

Water resources
The global situation concerning water demand and supply is highly varied. If

countries are taken as units – and leaving aside India and China (with 38% of

the world’s population) – 9% of the world’s population lives in semi-arid

countries that cannot meet the present or future water demand; 25% lives in

countries that have sufficient water but need to increase their present water

withdrawals by large percentages to meet reasonable future requirements;

16% resides in countries that have sufficient water and need to increase the

withdrawals by less than 25%; and only 12% of the world’s population

requires no additional withdrawals1. Most countries in Europe and North

America fall into the last two categories. 

It has been estimated that every year the world’s global groundwater

“bank account” is overdrawn by 200 km3 (or 50 million Olympic-size

swimming pools). Probably more than 66% of this overdraft occurs in India,

which places this country's food and livelihood security at great risk and

could lead to a reduction of 25% in India’s harvest1. Under much of the

north China Plain, where nearly 40% of China’s grain is harvested, water

levels are dropping roughly 1.5 m per year. The situation is even more

complex because of expected climatic changes and large within-country

variations. Furthermore, there are also problems of too much water, in the

form of floods, water logging and salinisation in irrigated areas, causing billions

of euros of damage annually. 
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Many dams have been constructed to store water for irrigation, drinking

and industrial use, as well as for flood control and for power generation. The

best sites for the dams were selected, and an infrastructure for the use of the

water has been constructed. Sedimentation in the reservoirs is now six times

the rate in the 1960s and, although the average rate of reduction in the

world’s reservoir capacity is less than 2%, there are many reservoirs that have

been almost completely filled with sediment in three decades or less.

Replacing them will be a very costly affair.

This brief overview shows that much should be done to further develop

and wisely manage the water resource for a population that is expected to

grow from the present 6.4 billion to 8.2 billion in 2030. 

Hydrologic complexity and water management 

Water management has many dimensions, ranging from the biophysical to

the socio-economic domain. For some problems, only specific information,

possibly of a simple nature, is required. However, for other problems we

need to have a good grasp of the hydrologic complexity because the amount

of water in the form of surface runoff, in lakes, in soil and in rocks below the

surface changes in time and space. What happens in the upstream part of a

river basin affects the areas downstream, where most of the food is

produced and most people live. Yet the perception that such upstream-

downstream interactions have to be studied as well as the surface water-

groundwater interactions in water management has gained ground only

during the last decades or so. 

Remote sensing
Remote sensing (RS) is delivered in the form of aerial photographs, but

mainly in the form of reflection values in various parts of the electromagnetic

spectrum – emissivity values related to temperature, radar backscatter signals,

and so on. Most of these data are obtained from a variety of satellites

equipped with a large range of sensors. At first sight water studies and
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remote sensing seem to have little in common; the remainder of this text is

an attempt to demonstrate that this is not the case.

Prior to, say, 1990, attention was focused on image interpretation, 3D

aerial photographs, and methods of classifying and transforming digital

satellite data into images or sorts of maps. The objective was to classify

vegetation, inundated areas, snow covers, etc., or to prepare a black-and-

white or colour-coded image that showed the terrain features in the best

way possible for visual interpretation. To extract relevant hydrologic data by

visual interpretation, we have to know what the features mean and what

their mutual relationships are. Hydrologic image interpretation has its roots in

earth science: geology, geomorphology, soil science, and vegetation

adjustments to water.

For some problems, such as finding site locations for storing surface

water or groundwater, or locating areas with strong erosion and sediment

production, flood damage and so on, visual interpretation may yield direct

and adequate results. For many other applications an additional

transformation has to be made, for example, to assign hydrologic parameter

values to identified terrain units. In many regions in the world, no soil,

vegetation or detailed topographic maps are available; therefore, visual

interpretation, when supplemented by hydrologic field measurements, is still

an efficient way to obtain data.

After the early 1990s the use of satellite data for water studies expanded,

going far beyond visual interpretation. At the same time, hydrologic models

(i.e. numerical models that simulate rainfall-runoff processes, movement of

water below the surface through soils and rocks, propagation of flood

inundation, and so on) became widely available. Of particular interest are the

models that do not lump together or aggregate effects of processes over

larger areas within catchments but that quantitatively describe what happens

in all the various parts in a more detailed manner – the so-called “distributed

models”. The results of these models are required because of the growing

awareness that improved water management is needed.
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The consequence was to look for methods that could provide spatial

hydrologic quantitative data for use in the models, particularly methods

based on RS, being often the only source of such spatial data. Preferably, RS

should give hydrologic flux values (i.e. the amount of water that passes per

time unit through a unit of a certain dimension) and a major step would be if

the two fluxes that form the major components of the water balance,

namely rainfall and evapotranspiration, could be measured. If the spatial

patterns of these are known, the other fluxes – river flow and groundwater

flow – can be predicted in a much more accurate manner by including the

fluxes obtained by RS in the hydrologic model(s). The good news is that

important steps have been and are being made in what is called “satellite

hydrology”, but there is still much work ahead.

Without aiming at a state-of-the-art overview, in the next sections

examples are given to illustrate some of the above aspects, using studies that

were made by ITC’s Water Resources Department (WRS) and in which the

author participated. 

Satellite data and hydrologic calculation

RS and a groundwater calamity

This example is included to show that, by coupling RS data of a simple

nature with a “back of an envelope” hydrologic calculation, a serious water

management problem can be identified. 

In many dry regions more groundwater is pumped than is replenished by

rainfall, with consequences not only for food production but also for the fate of

thousands of small farmers. Figure 1 shows a satellite image of a small part of

the Rayalaseema region in peninsular India. The green colours pertain here to

irrigated crops and at first sight we may well conclude that we see a happy

picture, because a large part of the area is under irrigation using mainly

groundwater. Rural electrification took place and cheap loans were given to

install tubewells, boosting both production and income. If, however, we look at

the image from a hydrologic perspective and with some background knowledge,
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a disastrous situation emerges – and we can understand why the newspapers in

India are now reporting high suicide rates among farmers in this region.

Groundwater in the area is found only in the so-called “hard rocks”

(granites, gneisses, etc.), which contain water generally in limited quantities in

the upper 10 to 50 m only. Prior to the 1970s and the rural development

effort, groundwater had been used for ages, because it had been done in a

sustained manner. Wide-diameter open and shallow wells were pumped by

animal traction. If the monsoon failed, farmers suffered, but the next

monsoon with normal rainfall restored the groundwater level. By using old
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Figure 1. Landsat TM false-colour image of part of the Rayalaseema region, Andhra
Pradesh, India. Green areas correspond to areas irrigated by groundwater, and locally
downstream by shallow reservoirs (blue and black colours). Area is underlain by granites and
gneisses (hard rocks). Dark lines are dolerite dykes. East to West is 14 km.
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aerial photographs, it can be calculated that the wells supplied 0.5 to < 3.5

ha with supplementary irrigation. In the late 1990s – with attempts at full

irrigation – the sizes ranged from 5 to 16 ha.

A simple calculation makes the calamity clear. Rainfall is around 550 mm,

and about 10% (a crude figure) infiltrates to the groundwater (i.e. 55 mm)

annually. The net crop water requirement (i.e. evapotranspiration loss) is in

the range of 400 to > 700 mm. Let’s adopt a conservative rate of 500 mm

or 0.5 m. Hence, net loss is 500 – 55 = 445 mm. In large parts some 30% of

the area is irrigated (see figure 1), so on an area basis the annual net loss is

445/3 = 148 mm, say, 0.15 m. If a specific yield of 7.5% for the entire

saturated zone is taken – a reasonable value – this amounts to 0.15/0.075 =

a 2 m lowering of the groundwater level annually. So, in the best cases,

except for a few wells on deep fractures, the groundwater benefit is about

20 years. After that, irrigation will be reduced, but high lifting costs will stay.  

Because of large spatial variations in the recharge and properties of the

aquifers, crude estimates need to be replaced by taking more accurate stock

(the recent WRS study of such a hard rock catchment2 shows the state of

the art) in order to work out mitigation measures. Such measures could

include artificially recharging groundwater by surface runoff at places selected

and evaluated by using RS, as well as stopping loans to farmers in areas

identified by RS as overused.  

Spatial interactions and water management

Anyone will agree that what happens in the upstream parts of catchments

(or watersheds) has an effect on the downstream areas, where most of the

rich agricultural lands and urban settlements are located. However, it is

worth noting that the perception of upstream-downstream interrelationships

and surface water-groundwater interactions has gained ground only in the

last decade. Two large floods in the Netherlands during the 1990s, when the

Meuse River broke its banks, were necessary to open eyes to the fact that

the runoff caused by heavy rainfall in Belgium was at the root of the problem. 
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The Kenya Wildlife Service became aware, after a study3 using satellite

data and field measurements, that the famous Amboseli marshes (surface

water), which attract so many tourists, are fed purely by groundwater

derived from the middle slopes of the Kilimanjaro Volcano, which receive

substantial rainfall in neighbouring Tanzania (figure 2). If the Tanzanians

decide to use more water in the groundwater intake area, a transboundary

groundwater problem will emerge.

Upstream-downstream interaction

In another example, a downstream water problem could only be understood

by considering and identifying areas with rapid geologic erosion in the upper

catchment, by studying the effect of deforestation, and by fluvial dynamics.  

In south Sumatra the provincial government had received complaints

about problems with rice cultivation in the large alluvial downstream part of

the Komering River catchment. Neither the cause nor the extent of the
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Figure 2. Amboseli marshes (green areas on right) that are fed by groundwater infiltrating
on the middle slope (green: forest and plantations) of Kilimanjaro Volcano (on the left). Upper
part of volcano (black) and lower footslope (bluish colours) are dry – no flow in rivers. North
is to the right; longest direction of image shown is 47 km.
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problem was known. The floodplain already served as a granary at the time of

the south Sumatran Sriwijaya Kingdom (6th to 9th century) and, furthermore,

the shipping activities that had taken place between downstream Palembang

and upstream Baturaja in pre-World War II times had been abandoned some

three decades ago. So what had caused the disturbance? 

The rice is cultivated in a true floodplain that is completely inundated by

the river (all houses are on poles) and rainfall during the wet season. As the

floodwaters recede into the river, rice is planted in stages and harvested in

the dry season. 

A study4 found that the increased load of gravel and sand in the upper

catchment, attributable to frequent landslides, caused a rise in the riverbed in

the downstream area, with the result that the lower parts of the floodplain

turned into permanent marshes because water from the deeper depression

could not drain into the river (figure 3a). The areas in the upstream

8
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catchment that produced the bulk of the bed load sediment were mapped,

with the aid of 3D aerial photographs and satellite images, using photo-

geology, geomorphology and fieldwork techniques. It was found that the

coarse sediment originated from only 20% of the upper catchment area,

namely from the deeply dissected thick sandy Ranau tuffs and ignimbrites.

Landsliding on the steep valley walls is the process that delivers the sediment

to part of the upstream river network. The area has a fairly high geologic

erosion rate, but that rate has accelerated during the last decades. With the

aid of sequential satellite images, the deforestation process (from 60% in pre-

war times to some 12% now) in the upper catchment was studied, and it

was found that deforestation increased the frequency of shallow landslides.

The result was that a sediment wedge of gravels and sands started to travel

in the downstream direction, reaching even the lower part of the floodplain,

with all the attendant consequences. 

Suggestions for remedial measures (large sediment retention dams at

specified locations and reforestation; natural re-growth would suffice) gained

the attention of the decision makers, not only through presenting the

damaged areas (mapped using aerial photographs and satellite images) on

large and colourful maps prepared with the aid of an early version of ILWIS

(figure 3b shows part of the middle floodplain), but particularly through

aggregating results for display in the form of simple curves showing the

present and expected near-future loss of rice production areas, estimated at

85 to 170 ha/year for the middle floodplain and 100 to 200 ha/year for the

lower floodplain/inland delta. 

Satellite data for evapotranspiration

An important step forward in hydrology for water management is the work

on the evapotranspiration flux using satellite data5. The available amount of

water on land (Q) is determined by the amount of rainfall (P) minus the

evapotranspiration (ET) (i.e. the water that returns from the land surface to

the atmosphere). Thus, in its simplest form, the water balance is P – ET = Q.

9



Remote Sensing and Water Resources

In the history of hydrology and water management, the spatial

distribution of the actual ET term was for a long while a difficult issue, and

was often considered as a rest term or was subjected to crude estimation

methods. It describes where, and by how much, water in nature is used by

crops and vegetation, by wetlands or by soil evaporation. Knowing ET in time

and space facilitates not only better determination of the amount of water

(Q) in catchments, but also performance assessment of the irrigation

schemes in terms of water use and crop productivity. Therefore, it has a

direct bearing on improved water management in irrigation schemes, on

which much of the world’s food production depends.

Knowledge of the ET term is also of importance for groundwater

studies. In many aquifers, the amount of pumping by farmers is not known,

but it can be estimated using RS-based ET, as shown by the study in the

Sana’a Basin, Yemen6. 
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Figure 3b. Small part of the middle Komering floodplain, showing fluvial landforms that can
be related to relative heights for assessing damage to rice cultivation (legend: Backswamp –
swamp). 
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Botswana’s water requirement depends for some 80% on groundwater,

and there were indications that deep-rooted savanna vegetation may

consume water that is often fossil. Preliminary calculation of the ET by the

savanna over an aquifer yielded high rates (too high, as we now know),

which prompted studies of the vegetation influence on the net recharge of

groundwater, with the upscaling of site measurements to areal values, using

aerospace data7.

Although the method for ET calculation has not yet fully matured, even

approximate results are useful, especially when very few data are available –

as was the case in the next example.  
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Figure 4. Inland delta with traditional irrigation and Shadegan wetland during full
inundation (black) (Landsat TM). In the dry season the inundated marsh area shrinks. For
the drought year 2000 the water budget for irrigated and wetland areas was determined
using sequential satellite data to calculate the actual evapotranspiration, to find out the
distribution of water over the two areas.
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Taking stock: irrigation versus ecology

Within the framework of establishing a water management information

system for a large area in southwest Iran, one issue was how to deal with the

allocation of water to a large traditional irrigation area, earmarked for

expansion, and to the large Shadegan wetlands, which fall under the Ramsar

convention, which aims to protect and conserve wetlands (figure 4).  

Time series of satellite images since the 1970s indicated that, during

normal to wet years, the wetlands had much overflow of water, caused by

the discharges of the river feeding the wetland, even after the diversion of

water upstream for irrigation. During the dry season the wetlands always

contracted.  

But what was the situation like during drought conditions, when much

less water flowed into the wetland? There was inadequate hydrometric data

to answer this question. Therefore, during a drought year (2000) when no

water left the wetland other than by evapotranspiration, a time series of

satellite images was processed for ET, showing the distribution of the water

use or loss in the large and varied irrigation area and in the wetland where

the wet areas shrank appreciably. A monthly water balance, including wetland

and irrigated areas, could be made using the ET values and by incorporating

the contribution of capillary rises to the evapotranspiration, as estimated

from the ET rates in the rangelands adjoining the irrigated fields8. The result

showed a more or less equitable distribution of water during that drought

year for irrigation and for ecology. Irrigation was used mainly to preserve the

date palm orchards, confirming that the same was done in this traditional

irrigation system as is customary in, for example, Zimbabwe, where orchards

have priority in water allocation during years of drought. 

Hydrologic information systems for water management

Water authorities are faced with demands for water from different sectors

or for protection against water, or for both. The above examples sketch

some of the complexities of the task of water management, as well as the
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need for spatial data based on RS or for data transformed with the aid of RS

data. 

Considering the rapid development of (1) geographic information

systems (GIS), (2) RS processing systems and satellite data availability, (3) a

wide range of hydrologic simulation models and (4) rapid ways of economic

appraisal, it is no surprise that all four put together form a strong instrument

to assist water managers. The system can be designed for relatively simple

operations, tailored specifically for the needs of a local water authority, or for

more complex tasks. Often the day-to-day operation of the system has to be

done by technical staff with limited scientific background. 

Although it is difficult to specify exactly what is wanted, because that

largely depends on the social and economic environment, some essential

elements for managing surface water and groundwater in catchments at local

or regional (district) level can be identified:

• All thematic spatial data in digital format have to be mutually

compatible and preferably spatially complete. The latter condition may

require the use of hydrologic estimation methods9 or modelling. 

• Hydrologic functionalities wanted by the users have to be included.

Hence, the scientific content and methods have to be robust, and that

requirement can be difficult to meet.

• The system should enable “what if” scenarios to be created, calculating

and displaying the implications of proposed measures.

Two examples illustrate the functionality of such water management

information systems.

The Astimwr system for water management for the Guadiana Basin, Spain10

One of the problems was the excessive use of groundwater, and the water

authority wanted to know which farmers were irrigating more than their

licence allowed. By coupling the authority’s database on water rights and

locations of stakeholders with spatial data based on satellite images to detect

size of irrigated land and crop type, as well as the amount of water used
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based on ET calculations, the culprits with their particulars could be listed

and the locations shown on a map (figure 5) by a few simple mouse clicks. In

addition, the efficiency of water use in the irrigated areas fed by surface

water was included in the system, highlighting the areas where water could

be saved and by how much.

This example shows how advances in satellite hydrology and geo-

information technology can be put into operational use in water

management.
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Figure 5. Panel of the Astimwr information for water management of the Guadiana River
Basin, Spain. The operator can determine who is using too much groundwater and where,
and also locate those surface irrigation areas where water is wasted. Information based on
satellite data coupled with database on water rights and the lay-out of irrigated fields.
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Naivasha, Kenya 

The Naivasha system reflects the multidisciplinary nature and the importance

of including economic functions for water management11. The key problem

is the water use (surface water and groundwater) by large commercial

farmers, with the result that the level of Lake Naivasha, a Ramsar site, is

falling – a classical conflict of interest between ecology and commercial

development.

The hydrologic relationship contained in the system allows the effect of

the lake level to be determined if pumped amounts change, either in the

“business as usual” scenario (pumping keeps increasing, following the same

15

Figure 6. Example of contents of the Naivasha information system for water management.
Upper right inset shows satellite image with lake and category of commercial farms that use
lake water (surface water or groundwater). The information presented could lead to a
decision to limit water use for crops with low economic return, in order to preserve the water
level in the lake (after Becht et al.).
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trend) or in a scenario with reduced pumping. In the latter case, it is important

to know the economic returns for the used water, and the system contains this

information too (figure 6). The low returns on irrigation water for maize and

fodder contrast strongly with the high returns for irrigated flowers and

vegetables. Quantities of water used for each of the crop types and relating

areas can also be displayed by the system, so, if it is decided to reduce the

abstractions, it is known who will be affected and at what economic loss. 

New opportunities
The above illustrates to some extent the part played by WRS in the evolving

use of RS: from visual interpretation and semi-empirical hydrology to the use

of satellite hydrology, simulation models and information systems. The

updating of some of the visual interpretation methods should continue, for

the simple reason that there is often no practical alternative for getting

results without using image interpretations with a hydrologic perception. 

The rapid flood damage survey of a large part of Yemen after a

disastrous flood, using multiscale images and visual interpretation, followed by

data capture and automated map production12, proves this point. Image

interpretations of fluvial geomorphology and vegetation adjustments can be

combined with altitude data from various satellite sensors to prepare

topographic data for modelling inundations of large and remote areas13.

The ITC-WRS tradition of obtaining crucial hydrometric data at the

proper sites by automated field equipment2 and other means should continue

because, without reliable data, the realm of hydrologic conjecture is entered.

It can be noted that the popular “Divers” now widely used by Dutch and

other hydrologists were entirely based on the one developed by ITC14.  

An increasing number of satellites now orbit the Earth, and new ones

will be launched with the objective of generating data for water resource

studies. This effort is made because of water shortages looming in large parts

of the world, damage caused by flooding, and the need to have improved

global climatic forecasts for the short and medium terms. 
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In my view, the task of ITC is to select and contribute to the research for

new satellite technology to obtain reliable hydrologic data. What should not

be forgotten is (1) to keep the link with field hydrology and (2) to implement

research results at a level of practical application in water management. The

main fields for the foreseeable future are as given below.   

Rainfall

The first thing we need to know is how much water falls in a given area in

the form of precipitation. In many parts of the world the density of rain

gauges is so low, or records are missing, that the rainfall over catchments,

especially for shorter time periods, is poorly known. In my view, it is of far

greater importance to devote attention to this problem than to add

mathematic finesse to hydrologic simulation models. It can be expected that

the data of rainfall radar satellites, in combination with high-time-frequency

data of weather satellites in the visual and thermal bands, will lead to better

knowledge of the areal rainfall. The two initial attempts made earlier at WRS

deserve appropriate follow-up.

Evapotranspiration using satellite data

The importance of water management has been sketched, but the flux data

also offer new possibilities for monitoring agricultural production and crop

yield prediction. However, we have not yet reached a stage where the

accuracies are known when the method is applied to areas with different

land cover types and environments. Most of the research has focused on

irrigated areas. Possibly, the use of satellite systems that sense the

atmosphere may provide additional data to increase accuracy. Operational

use for the management of large irrigation schemes or aquifers still has a long

way to go, although the above examples do show that it can be done.

Because of cloud conditions, various satellite systems with the appropriate

sensors will have to be used, requiring up- and down-scaling studies. Bearing

in mind the practical application, it is worth using somewhat simplified

17



Remote Sensing and Water Resources

procedures to carry out validation studies of results – as long as an

acceptable accuracy is maintained – and to make packages for

educational/training programmes.  

Hydrologic studies of larger catchments or aquifers 

Worldwide databases are now available, with hydrologic information based

on satellite data, such as rainfall and soil moisture based on radar, digital

elevations, vegetation dynamics, and so on.

As said earlier, water management needs a basin-wide view because of

the interrelations of the land factors with water and upstream and

downstream relationships, water quality, and sediment or surface water-

groundwater interactions. Much of the academic research focuses on

developing and testing models in very small catchments – the smaller the

better it seems – but the real problems are in the larger catchments and

aquifers. There is ample scope to contribute to developing methods or

approaches to use the newly available data sources. There is much to say for

adopting a multiscale approach by (1) selecting key areas for understanding

variations in the interactions of hydrologic processes, (2) selecting or

developing appropriate hydrologic simulation models or statistical methods,

which may differ for the various parts of a large catchment, and (3) applying

them to the entire catchment, using the global databases, and aggregating the

results. Such an approach avoids trying to capture all the variations of

hydrologic processes in a single comprehensive model that makes unrealistic

demands on parameter values. The multiscale approach also allows us to

focus on specific problems in a river basin, be it depletion of aquifer(s), water

waste, flooding, erosion and sedimentation, or water quality. 

Comparison of results on different scales15 or the concept of

hydrotopes (or hydrologic segmentation of the terrain)16 could be used for

the segmentation. 
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Hydrologic geo-information and water management

Geo-information for the development and transfer of know-how are key

words in the mission of ITC, and therefore a specific contribution is the

development and implementation of hydrologic information systems that make

relevant satellite data and geo-information technology available to non-

scientists responsible for the management of water. Such systems need a

specific functionality often not offered by what is commercially available – or, if

offered, the costs are prohibitive for the decentralised organisations in the

developing world. With the scientific knowledge of many disciplines at ITC and

the ownership of technology through the GIS/RS processing system (ILWIS)

and other packages, the Institute can make a substantial contribution to

assisting the better management of the water resources in a practical manner. 

Final remarks
I would like to express my thanks to the Directorate of ITC for the

opportunity to give this valedictory address to you all. Having been associated

with ITC for such a long time, I have been shaped by the Institute, and I am

grateful that the opportunity was given to me to help in forming some of the

Institute’s activities.  

It has been a privilege to work with the dedicated and enthusiastic

colleagues of WRS and ITC, and with those at institutes in India, Sri Lanka,

Indonesia and Iran, where I worked for lengthy periods of time, as well as with

PhD students, many course participants and others, in studying diverse problems

in a variety of countries and environments – my heartfelt thanks to them all. 

Satellite hydrology has widened the scope – as is reflected in the choice

of my successor – signifying a strengthening of both what was started earlier

at WRS and the specific role of ITC. Considering, on the one hand, the widely

acknowledged need for the better management of water and, on the other

hand, the new vistas in the application of satellite data and geo-information

technology, I am confident that the future holds much promise. I wish you all

the best. 
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