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dynamics, increases their awareness of the need for regulation, 
and informs good decisions regarding water shortages. 

4. Incentives. Extension and training should be integral parts of the 
implementation of the new measures and regulations. Alternatively, 
negative incentives, such as groundwater pricing or higher diesel 
prices, could help to limit abstraction. 

Conclusions

The welfare of the Wadi Ahwar population depends on re-establishing 
the area’s hydrogeological balance.

The usual solution to encourage sustainable use of groundwater 
is to impose regulations. Examples are registering abstraction points 
and defining water rights. However, given the difficulty in enforcing 
regulation, self-regulation seems to be the only path toward sustain-
able use. In addition, there is an opportunity to enhance groundwater 
recharge. 

It therefore is suggested to develop a groundwater management 
plan. The plan would cover all aspects of integrated groundwater 
management, on both the demand and the supply sides: water har-
vesting, regulating use, alternative crops, and more efficient irrigation 
and monitoring.

Establishing the groundwa-
ter management plan should 
involve local stakeholders in 
three processes: assessing the 
resource, assessing the de-
mand, and negotiating the 
adoption of resource manage-
ment decisions. The ground-
water management plan should 
include simple “rules of thumb” 
that focus on water use at the 
village level and help to con-
trol the abstraction and use of 

 FAO-India projects, Andhra Pradesh Ground Water Irrigation Schemes (AP-1

WELL) and Andhra Pradesh Farmer-Managed Groundwater Systems Project (AP-
FAMGS). The latter’s online masthead reads, “Demystifying Science for Sustainable  
Development.”

Resource management Demand management

Aquifer
systems/

groundwater
resources

including their
interaction with

surface water

Resources allocation
and use

Regulatory
framework

Use of economic
instruments

Shareholder
participation

De�nition of
water rights

Water and 
land uses

Water demand and contaminant load

Costs and impacts

Resources assessment
and their evaluation

Pollution control

Prevention and
mitigation of side e�ects

Figure 27.4  Integrated Groundwater Management Plan
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scarce groundwater resources. These management rules should be 
sustainable and environmentally sound. Options for resource enhance-
ment also will be studied. The linkages among the water resource, 
resource management, and demand management are illustrated in 
figure 27.4. 
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Appendix A27.1 Hydrogeological and Groundwater Analysis  
in Wadi Ahwar

General Hydrogeological Setting

Location
The Ahwar Delta extends along the coastline and is approximately 
bordered by coordinates 130 26'-130 36' N and 460 39'-460 48' E. 
The total area of the delta is estimated to be approximately 150 km2, 
with the greatest width of approximately 17 km at the coast. The delta 
is part of a large catchment of approximately 6,400 km2 to the south 
of a range of mountains running east from Mudiah and rising to over 
2,000m some 70 km north of the coast. The steep escarpment of the 
mountains represents the narrow watershed, with catchments draining 
in a northeast direction toward the Ramlat as Sabatayn. Because the 
high ground approaches nearer to the coast, the delta of Wadi Ahwar 
is less extensive than the deltas of Wadis Tuban and Bana. The gradi-
ent of the Wadi Ahwar bed is 1.5 percent–2.9 percent. Starting as a 
narrow canyon-shaped valley, the wadi eventually turns into piedmont 
plain, gradually widening to 2 km. The upper reaches of the wadi bed 
consist of pebbles, downstream sand, then semi-gravel, and eventually 
compact sand close to the sea. The shape of the bed is lost in the delta 
area. Figure A27.1 shows the location of Wadi Ahwar, outline of the 
catchment, and observed wells. 

The wadi drains a large area of highly dislocated basement rocks 
and the inland margins of the quaternary volcanic outcrop. The upper 

Source: Hydrosult, Inc.  2008a.

Figure A27.1 Location of Wadi Ahwar, Yemen
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catchment contains extensive areas of flat plain (Lawdar, Mudiah, De-
man, and Guishan areas) that are underlain by alluvium and are reported 
to be extensively developed for agriculture. 

Landcover
The Ahwar region landcover is 
dominated by rock outcrops and 
sandy areas. The wadi has scanty 
vegetation, mostly small shrubs. 
The small area of soil-covered 
land is used predominantly for 
agriculture. Based on satellite 
imagery, figure A27.2 gives an 
impression of the landcover of 
the whole catchment.

Climate and rainfall
The climate in the delta is arid 
and characterized by high sun-
shine radiation with an average 
annual temperature of over 
34.2°C. Potential evapotranspi-
ration (ET) is very high, averaging 

3,033 mm/year. Average annual rainfall of the whole catchment is 150 
mm. Likewise, the estimated average precipitation for the delta is 49 
mm. As long-term data are not available, it is difficult to indicate trends 
in annual rainfall. Also, as mentioned earlier, the spatial variation of 
rainfall in wadis can be significant. The accuracy of the estimations is 
therefore unknown. 

Groundwater resources system
The water resources in the Ahwar area comprise the wadi flow and 
the interconnected groundwater system, which is recharged by the 
wadi flow and by infiltration of the irrigation water. The major part of 
the rainfall in the catchment generates the surface runoff to the wadi 
flow. Only a small portion of total precipitation directly infiltrates in the 
catchment and reaches the wadi flow as lateral groundwater inflow. 
Beyond the water resources themselves, the water resources system 
comprises irrigated land and infrastructure such as wells, canals, and 
weirs. The character of the delta is largely the product of the natural 

Figure  A27.2  Interpreted Landcover, of Wadi Ahwar Region, 
Yemen
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flow of the runoff of the wadi through the delta, constructed surface 
water diversions, irrigation canal network, and irrigated fields. The 
wadi itself is shaped by the regular floods that have an average esti-
mated duration of 68 hours. The maximum flood event was reported 
in March 1982 with a discharge rate of 5,340 m3/s.

The surface runoff of the wadi is partially diverted and used for 
spate irrigation. The surface water balance in the wadi has the fol-
lowing components:

Infiltration and evaporation during irrigation
Infiltration and evaporation during wadi flow
Discharge to the sea.

The groundwater balance in the wadi comprises:

Replenishment
Lateral groundwater inflow
Recharge during irrigation (transmission losses)
Recharge during wadi runoff

Discharge
Consumptive groundwater use
Groundwater outflow to the sea.

The groundwater system of the delta consists of three major 
aquifers that are interconnected and most likely form a single aquifer 
system. The shallow aquifer 10 m–50 m thick occurs in sand and 
gravel. It is unconfined and hydraulically connected with the deeper 
aquifers. The middle aquifer consists of gritstone and conglomerate 
with calcareous matrix. It occurs throughout the delta except for the 
apex. The thickness of the aquifer ranges between 20 m–40 m. The 
depth to the top of the aquifer increases to the south from 20 m  to 
40 m. The deeper aquifer lies at a depth ranging from 70 m to 200 m 
and consists of sandstone, limestone, and conglomerate.

Groundwater Analysis 

Groundwater levels
From June–September 2008, Hydrosult carried out a well inventory 
in the Ahwar area to ascertain well depths and water levels. The data 
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were converted into a spatial 
layer using the advanced GIS 
software, ARCGIS. By overlay-
ing this data with the drainage 
layer, the spatial bias of the data 
is revealed in terms of location of 
all the observed wells only on the 
left hand side of the drainage flow 
direction. There are hardly any 
observed well data on the other 
side of the drainage network. 
These points are scattered well 
enough inside and outside the 
catchment area of the drainage 
to permit interpolation. To have 
an impression of the ground-
water flow and occurrence on 
the right hand side of the flow, 
groundwater wells data points 
were used for interpolation, using 
the Inverse Weighted Distance 
method. Moran’s I Spatial Au-
tocorrelation Index was used to 

measure clustering patterns and spatial autocorrelation. 
Figure A27.3 indicates shallow water levels in the area closer to the 

sea. The reason could be the intrusion of seawater in the groundwater 
aquifer zones. The spatial autocorrelation index is 3.1, which indicates 
clustering of the well water levels.

Figure A27.4 illustrates the well-depth variance. It indicates a slight 
tendency for shallower well depths in the area closer to the sea, where 
water levels are shallow, and in the upper region. The deeper well depths 
occur in the central delta. The reason for the presence of the relatively 
low well depths in the upper region could be the availability of surface 
spate irrigation for longer periods. The middle area shows most of the 
deeper wells, whose presence could be due to the short duration of 
availability of surface irrigation as well as the distance from the sea.

Groundwater balance
A 1990 donor-funded study estimated total groundwater resources 
based on both analytical and mathematical simulations. The total 

Figure  A27.3  Well Inventory and Extrapolated Groundwater 
Levels, Wadi Ahwar, Yemen

Wadi Ahwar well

water levels
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natural storage, defined as the 
volume of gravitational water 
accumulated in pores and fissures 
of water-bearing rock beneath 
the zone of multiyear fluctua-
tions of groundwater level, was 
estimated at 1099 Mm3. Most of 
this storage is found in the central 
and southern delta. Storage in 
the upper two aquifers amounts 
to 845 Mm3, including 84 Mm3 
with salt content >5 g/l. The 
total estimate is based on a stor-
age capacity of 0.19 for gravel/
pebbles, 0.1 for muddy sands, 
and 0.03 for conglomerates. 
Table A27.1 presents estimates 
of groundwater balance. 

The different studies provide 
very different estimates. Accord-
ing to the 1990 study, the total 
influx from outside the delta is  
4.3 Mm3–4.9 Mm3. However, the 
Hydrosult study suggests a total inflow from outside of only 0.7 Mm3. 
This difference cannot be explained. However, the difference of the 

Table A27.1 Groundwater Balance, Wadi Ahwar, Yemen

Budget items (total in Mm3) 1988–89 1972–88
Hydrosult’s 2008

estimate

Groundwater influx from north 0.2 0.2 0.7

Lateral influx 4.7 4.1

Recharge from spate irrigation 19.5 18.0 10.5

Recharge from wadi runoff 7.4

Total credit 24.4 22.3 18.7

Groundwater outflow 8.9 9.4

Groundwater abstraction (netto) 5.8 3.3 19.0

Evaporation 9.4 9.7 9.7

Total debit 24.1 22.4

Balance 0.3 –0.1 –9.0

 Source: Hydrosult, Inc. 2008b.

Figure  A27.4  Average Well Depth, Wadi Ahwar, Yemen

Wadi Ahwar well

depth levels
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direct recharge from spate or runoff probably results from a reduction 
of the command area. 

Based on the Hydrosult estimate, it could be concluded that mining 
takes place at a rate of at least 9 Mm3 per year on average. This rate is 
supported by field observations of such reported increase of saliniza-
tion of certain wells. However, given the uncertainty of the figures, 
particularly the evaporation estimate, it is difficult to draw any hard 
conclusions regarding over-abstraction and safe yield.

Given an average annual wadi flow of 66 Mm3, the outflow to sea 
amounts to almost 50 percent of the total flow. Based on the previous 
studies, it was estimated that, to prevent saltwater intrusion, ground-
water outflow to sea should not be less than 9 Mm3. However, we 
would need to consider seasonal variation in wadi flow before concluding 
whether there is scope for additional safe abstraction.

Groundwater quality and saltwater intrusion
Groundwater salinity in the upper aquifer ranges from 2.5 grams/liter 
(g/l) to 4.5 g/l, possibly reaching values of 5-9.5 g/l. Total dissolved solids 

(TDS) concentration increases 
considerably toward the coastline, 
reaching a value of 15 g/l. For the 
middle aquifer, TDS concentra-
tion ranges from 1.3 to 1.7 g/l at a 
reported 1km from the wadi chan-
nel to 2.3 g/l measured at other 
locations. TDS concentration in 
the lower aquifer is reported to 
be no more than 2 g/l. The local 
population reportedly has to use 
brackish water for domestic pur-
poses: with TDS of up to 1.5 g/l 
(3600 persons); 1.5–3 g/l (8400 
persons, including the population 
of the city of Ahwar); and even 
more than 3 g/l (approximately 
1,000 persons).

No data is available from pre-
vious studies about the position of 
the saltwater front in the delta. It 
was concluded, however, that a 

Figure  A27.5  Average Electrical Conductivity Levels, Wadi 
Ahwar, Yemen

Wadi Ahwar well

electrical conductivity

levels
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saltwater intrusion at some coastal producing wells is likely as a result of 
a continuous groundwater abstraction. A GIS analysis was performed 
on water quality data as observed by Hydrosult (2008) showing higher 
conductivity levels (that is, higher electrical conductivity, or EC) near 
the coast. Observations and discussions in the field also have shown 
strong evidence of saltwater intrusion, with a direct consequence on 
the viability of agriculture in these areas. However, lack of historic data 
prevents an analysis of trends over time.

Figure A27.5 indicates the spatial occurrence of EC in the ground-
water observations. The pattern suggests that conductivity not only 
is influenced by seawater intrusion but also may be affected by other 
factors such as soil types, leaching effects, and pre-existing saline 
groundwater.

Future Water Demands

No information is available about 
future water requirements in 
the delta. No strong population 
growth is expected. However, 
due to the increasing use of diesel 
pumps, abstraction of ground-
water is expected to continue to 
grow. The growing abstraction 
will strongly determine future 
demand. 
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