
UNITED NATIONS
DEVELOPMENT PROGRAMME
OFFICE FOR PROJECT SERVICES

YEMEN REPUBLIC
MINISTRY OF AGRICULTURE & WATER
RESOURCES
SANA'A, SA'DAH AND HAJJAH
AGRICULTURAL & RURAL DEVELOPMENT
AUTHORITY (SSHARDA)

NORTHERN REGION AGRICULTURAL DEVELOPMENT PROJECT
TECHNICAL ASSISTANCE FOR ENGINEERING SERVICES

YEM/87l015

GROUNDWATER RESOURCES
AND USE IN THE

NORTHERN TIHAMA REGION
(HAJJAH}

Final Report
July 1993

DHV CONSULTANTS bv
in association with

TEAM CONSULTING ENGINEERS CO. LTD
DARWISH CONSULTING ENGINEERS



Tihama Water Resources

CONTENTS

1

1

1

3

1

CONTENTS

INTRODUCTION
1.1 Background
1.2 Tihama Basin Water Resource Study
1.3 Scope of WorK

HYDROLOGY OF THE NORTHERN TIHAMA
2.1 GeomorPhologY and GeologY

2.2 The Tihama Alluvial Aquifer
Lithology
Aquifer Parameters
Groundwater Levels
Groundwater Flux
Groundwater OualitY

2.3 Aquifer Recharge and Discharge
2.3.1 Recharge
2.3.2 Discharge
2.3.3 Natural Groundwater Balance

GROUNDWATER USE IN THE TIHAMA
3.1 GeneralCharacteristics

3.1.1 Well Distribution
3.1.2 PumPed Well Numbers and Use

3.1.3 Well Types, Depths and Discharge Rates

3.1.4 PumPing EquiPment
3.1.5 Farm lrrigated Area
3.1 .6 CroPs
3.1.7 Groundwater Abstraction
3.1 .8 Water APPlication
3.1.9 Well and Pumping Equipment Costs
lncrease in Number of wells
Net Groundwater Abstraction in the Northern Tihama

Current Groundwater Balance

GROUNDWATER LEVEL AND OUALITY CHANGES

5. 1 Data
5.1.1 TDA Monitoring Network
5.1.2 NORADEP Well lnventorY

5.2 Groundwater Levels
5.2.1 Groundwater Level Trends
5.2.2 Aquifer Storage DePletion

5.3 Groundwater OualitY

page

5
5
5
7
o

15
15
17
17
17
25
26

27
27
27
30
30
31
31
33
33
33
38
39
39
40

43
43
43
43
43
43
47
47

2

2.2.1
2.2.2
2.2.3
2.2.4
2.2.5

3

3.2
3.3
3.4

4

5

GROUNDWATER USE IN THE INLAND AND UPSTREAM WADI AREAS 41

NORADEP
YEM/87lO15



Tihama Water Resources

6 GROUNDWATER DEVELOPMENT IN THE FUTURE

7 PROSPECTS FOR IMPROVED GROUNDWATER MANAGEMENT

7.1 lntroduction
7.2 Groundwater ManagementOptions

7.2.1 lmproved lrrigationTechniques
7.2.2 Spatial Distribution of Abstraction

7.3 Discussion
7.3.1 Conjunctive Use of Ground and

Surface Water Resources
7.3.2 Modified CroPPing Patterns

8 CONCLUSIONS
Tihama Plain
lnland/Upstream Wadi Area
Groundwater Management
Monitoring

9 RECOMMENDATIONS

REFERENCES

ACKNOWLEDGEMENTS

TABLES
2.1 Summary Lithological Logs; TDA Exploratory Drilling

Programme
2.2 Summary Construction Data: TDA Test Production Wells

2.3 TDA Test Wells: Summar Pumping Test Results

2.4 Estimation of Groundwater Flux Flow Section
2.5 Tihama Rainfall (Source: TDA Data Base)

2.6 Measured Surface Water lnflows
2.7 Estimated Surface Water lnflows
2.8 Estimates of Natural Groundwater Balance Component

(Mcm/year)
3.1 Comparison of TBWRS (1985) and NORADEP (1 191)

Well lnventory Data
3.2 Comparison of TBWRS (1985) and NORADEP (1991)

Well lnventory Data
3.3 Crop Choice Data as Collected During TBWRS (1985)

and NORADEP (1991) Well lnventories
Water Application on Various Soil Types
Costs of Well Construction and Pumping Equipment
TDA Monitoring Network
Depth to Groundwater, 1988 -1991 (February); TDA
Groundwater Monitoring Network

FIGURES
1.1 Location of the Well lnventory Study Areas

2.1 Geology

8.1
8.2
8.3
8.4

59
59
59
59
60
60

61
62

63
63
64
64
65

57

67

35

69

71

o

11
12
17
19
21
24

26

3.4
3.5
5.1
5.2

37
38
39
46

30

48

2
6

ilYEMi87lO15 NORADEP



2.2
2.3
2.4
2.5
2.6
2.7
2.8

3.1
3.2
3.3
3.4

2.9

Aquifer Geometry
Geo_Electric profile (TBWRS)

Depth to Groundwater (TBWRS)

Water Level Contours and Flow Lines ffBWRS 1986)
Groundwater Oualitv (EC) ffBWRS 1986)
Tihama Rainfall (1 986-1 989)
Wadi Discharge and Upper Catchment Area Rainfall
(1986-1989)
Baseflows (1986-1990)
NOBADEP lnventory Well Localtions
TBWRS Pumped well Locations
lrrigation Pump Equipment ffBWRS)
Depth to Groundwater
Well Yields
NORADEP Well lnventorY
TDA Monitoring NetworkMater Level Change 1988-1991
Example Hydrographs (1988-1 991 )

TDA Monitoring Network - Rates or Water Level
Change 1988-1991
TBWRS-Discussed (r) and Dry (x) Wells
Location of Deepened Wells
Example EC Graphs (1988-1 991 )

Water Quality Deterioration

Tihama Water Resources

8
10
14
16
18
20

22
23
28
29
32
34
36
42
44
49

50
51
52
53
54

3.5
4.1
5.1
5.2
5.3

5.4
trtr
5.6
5.7

ANNEXES
Annex 1

Annex 2
Annex 3
Annex 4
Annex 5
Annex 6
Annex 7

Rainfall Data
Wadi Discharge Data
Water Application
Groundwater Level Monitoring Data
Groundwater Level and Ouality Changes
Groundwater Ouality Monitoring Data
Aquifer Test Plots and Data

NORADEP YEM/87lO15



Z

Tihama Water Rosources

1 INTRODUCTION

Groundwater studies were undertaken in the northern Tihama as an integral

component of development and management studies being executed under the

auspices of the Sana'a Sa'dah Hajjah Agricultural and Rural Development Authority

tSSnenOn) Northern Region Agricultural Development Proiect (NORADEP)'

The area of study is shown in Fig. 1'1

1.1 BACKGROUND

1.2

Previous water resource studies in the Tihama under the auspices of the Tihama

Development Authority ffDA) were directed toward specific wadi development

programmes. These have led to construction of improved surface water irrigation

,yri"., at Wadis Zabid, Rima and Mawr' Design and construction of similar works

in Wadi Siham is in Progress.

The first water resource study with a whole Tihama perspective was undertaken

through the period 1984-1988 - the Tihama Basin Water Resource Study ffBWRS)'

Reports from this study (TDA/DHV, 1988) provide the most comprehensive data

available on the hydrogeology of the northern Tihama and should be referred to for

details; only an or"ruL* oi tn" hydrogeological environment is given herein' and

summary details relating to water use. Further information on the area can be found

in the reports of the Master Plan Study for Hajjah Province lntegrated Rural

Development: Japan lnternational Cooperation Agency, 1980 (JICA)'

TTHAMA BASIN WATER RESOURCE STUDY

The TBWRS provided the first quantitative data on the water resources of the

northern Tihama area' A regional geo-electric survey was undertaken to delineate the

geometry of the extensive alluvial aquifer of the plain' Monitoring networks were

established for measurement of groundwater levels, wadi discharges (Harad and

Hayran) and rainfall; a comprehensive well inventory was undertaken to provide data

on groundwater use and quality. Provisional water balances were compiled'

Results from the well inventory indicated that the rapid growth in groundwater

irrigation practices experienced in the central and southern Tihama was also evident

in the north. More than 800 pumped wells were imposing a total annual draft on the

alluvial aquifer of 1 15 Mcm. With only rudimentary estimates of natural aquifer

discharge and recharge possible with the limited data, an annually accumulating

groundwater storage Jeficit of the order 90 Mcm was indicated' For the central and

Iastern zones, where most wells are located, this translates into an average water

level decline of the order 0.4 mlyear. Credence for such declines was given by the

identification of several areas adjacent to the foothills, in the east' where dry or

successively deepened wells were common'

NORADEP
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Tihama Water Resources

While not studied for the northern Tihama, TBWRS established that recent increases

in the use of surface and groundwater in upstream wadi reaches elsewhere, had

modified the traditional flow regime with deleterious effects to downstream users'

1.3 SCOPE OF WORK

Against this background, the objectives of the NORADEP groundwater studies in the

northern Tihama were formulated to:

r Assess current groundwater usage in the Tihama and any deviations from

Previous assessments.
r Acquire data on groundwater use in the inland and upstream wadi areas not

covered in TBWRS.
r Assess groundwater level data and trends with a view to confirmation of the

existence of an accumulating groundwater storage deficit'
I Upgrade the groundwater balance of the region where newly acquired data

permits.

To meet these obiectives the following primary study components were identified:

r Acquisition of TBWRS well inventory data analyses'
r Acquisition and assessment of monitoring data collected and compiled by the

Tihama Development Authority ffDA)'
r Execution and analysis of a selective well inventory in the Tihama and

inland/uPstream wadi areas.
r Evaluation of the integrated data set.

During the course of the study it was discovered that detailed analysis of the

northern Tihama TBWRS well inventory data had not been undertaken by the

responsible agency. Consequently, copies of the original data diskettes were

obtained and inalysis included as an additional component of this study'

The results of the various study components are presented herein' ln Section 2 an

overview of Tihama hydrogeology is given, mostly drawn from TBWRS compilations

and findings, updated wherever possible with newly acquired data' Reference should

be made to the respective TBWRS volumes on Climate (Technical Report 1), Surface

Water (TR-2) and Groundwater (TR-3) for comprehensive data'

ln Section 3 specific attention is given to groundwater use in the Tihama and in
Section 4 summary findings of the inventory of the inland and upstream wadi areas

are presented. Observations on groundwater level and quality changes since

termination of the TBWRS in March 1988 are detailed and assessed in Section 5'

Future development and prospects for improved groundwater management are

discussed in Section 7, followed by study conclusions and recommendations'

3NORADEP YEM/87lO15
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2.1

2.2

Tihama Wator Resources

2 HYDROGEOLOGY OF THE NORTHERN TIHAMA

GEOMORPHOLOGY AND GEOLOGY

The Tihama Coastal Plain is bounded to the east by the foothills of the Yemen

Mountains and to the west by the Bed Sea. The Plain in the northern Tihama varies

in width from 30-40 krn and generally displays an even gradient to the sea; eastern

Tihama elevations are typically of the order of 200 m'

The major geomorphological features in the Tihama are associated with the current

drainage systems where alluvial fans emanate from the mouths of wadis and grade

into g6ntly sloping alluvial plains. The alluvial features are bordered with sand

plainftunes of aeolian origin which form extensive belts devoid of vegetation' Near

ihe coast extensive areal of minimal relief with halophyte vegetation delineate a

sabkha environment. Outcrops in the region are limited to small bedrock occurrences

near the eastern foothills.

The Plain was established primarily by the accumulation of unconsolidated or slightly

cemented clastic sediments which unconformably overlie a down-faulted surface of

consolidated bedrock similar to that exposed in the adjacent mountains' The

evolution of the plain has been controlled to varying degrees by the tectonism

associated with the Red Sea rift system of which it forms the eastern part'

The alluvial sediments can be divided into an upper (Ouaternary) unit and a lower
(Tertiary) unit.

The Ouaternary unit consists largely of the alluvial fan and plain deposits of the wadis

that drain the adjacent highlands and debouch onto the Tihama plain' Additionally'

in the western half of ihe plain, sand dunes and associated aeolian deposits

frequently occur on the surface, while marine deposits occur near the coast' This

unit may.locally be further divided into an upper layer of several tens of metres

thickness which overlies a less permeable layer below'

The underlying Tertiary unit contains relatively fine deposits of the Baid Formation

comprising shiles, sandstones, carbonates, and evaporates the thickness of which

may range from several hundreds of metres to in excess of 3000 m'

The geology of the northern Tihama is illustrated in Fig. 2'1'

THE TTHAMA ALLUVIAL AOUIFER

The alluvial deposits which dominate the ouaternary sequence of the Tihama form

an extensive unconfined aquifer system the geometry of which is determined by both

lithological and water quality boundaries' Near the coast, the western aquifer

boundiry is delineated by a transition between fresh water and saline water' whereas

in the east a distinct boundary is formed by faulted bedrock strata'

trNORADEP
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Tihama Water Resources

Between the eastern and western boundaries bedrock strata comprising variously
volcanics, granites and consolidated alluvial and evaporite sediments, underlie the
alluvial sequence. The base of the aquifer may be delineated directly by these strata,
as in the east, or by the interface with saline water where this occurs within the
Tertiary sediments.

Fault location and aquifer geometry as determined from a regional geo-electric survey
(TBWRS) is shown in plan in Fig. 2.2 and in sections as Fig. 2.3.

The salient features of these figures are:

Aquifer thickness is limited in the eastern Tihama on account of shallow
bedrock; aquifer thicknesses of less than 5O m occur along a 2-8 km wide strip
along the eastern boundary.
Aquifer thicknesses increases to maximum depths in the range 180-250 m in
the central plains area on account of bedrock faulting.
ln the extreme north of the region there are indications of an uplifted block of
bedrock strata in the central plains area (refer Profile 20 of Fig. 2.3).
Fresh groundwater does not extend to the coast. Saline groundwater occurs
throughout the profile between 2-6 km distance frorn the coast; a transition
zone of brackish-saline groundwater extends a further 3-6 km inland which
locates the western extremity of the fresh groundwater aquifer about 1O km
distant from the coast.

2.2.1 Lithology

The alluvial deposits display extreme heterogeneity at local scale reflecting the variety
of source material, its mode of deposition and the dynamicism of the environment.

At a regional scale they have been differentiated according to lithology and mode of
deposition. The upper wadi deposits are widespread and comprise typical fluvial
sediments associated with a high energy environment: blocks, boulders, pebbles and
sands with only rare inclusions of clayey material. These sediments become
increasingly finer westward. The underlying sediments consist of sands and gravels
with increased amounts of sandy clay which may be cemented and include
intercalations of clay layers.

Lithological logs from three recently drilled TDA sites in the northern Tihama are
summarised in Table 2.1; the locations of the boreholes are shown inFig.2.2.

The borehole lithological data display the general characteristics of the alluvial
sequence as described. Although sample descriptions tend not to be definitive, an
increase in clay content is evident below 50 m depth in both boreholes TDA-16 and
TDA-17. Formation grading analysis of virtually all sand samples collected indicate
poor sorting with median grain sizes typically in the range 0.5-1.0 mm. A single
exception with respect to sorting is a sample from shallow sands Q2-24 m) at the
near coast location of TDA-17.

7NORADEP YEM/87IO15
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Tabte 2.1 Summary Lithological Logs; TDA ExploratorY Drilling Programme

Depth ,' Lithology : :. ': ,

lnterval(m)

Borehole TDA-15A Borehole TDA-168

O-2 sand/soil

2-13 sand,claYeY

13-28.5 sand

28.5-34 silt,sand

34-36 sand,m-c
r#irllB{fii;liiilillflff#*J$'a$fi di:ri:i,l.::.*

o-2
2-28
28-40
40-46,
46-50
50-52
52-6s
65-73
73-75
75-86
86-90
90-94
94-100
100- 102

102-110
110-122
122-140
140- 1s5
155- 186

186-212

sand/soil
sand,m-c
sandy clay
sand,f-m
silt,sandy
clay
sand,f-m
sand,gravel
sand,f
sand,silt,clay
clay
sand,f-m
sitt,sandy

sand,clayey
clay
sand,f-m
sand,clay
sand,gravel
sand,gravel

,sand

aquifer base
:::::*r*:::*t::::::::l:::i:rJ::::X::::li:
:i::::::::l:::::::::*::::::::::::::::::::::::U::::

:::;:4tt.ii:t ttllilllii:i.itilti:

Borehole TDA-17
0-34
34-36
36-40
40-46
46-50
s0-60
60-76
76-88
88-98
98- 1 28

128-140
140-1s2
152-1s8
158-166
166-174
174-188
188-198
198-204

sand
clay,sandy
gravel,sand

sand,i-m
boulders
sand

silt,clay

sand,clay
clay
gravel.sand

gravel,silt,clay

sand,m-c
grave,sand,sift

sandstone

clay,sandy
sand,c
silt

TC sand,si]t

The TDA drilling resutts also provide general confirmation of the geo-electric survey

interpretation (Cross-section 20 of Fig. 2.3) with intersection of shallow bedrock at

site TDA-15 and a formation change (Ouaternary to compacted Tertiary alluvium?)

at212m in TDA-16; the depths of both intersections, however, are at some variance

with the established geo-electric model. Whilst the exact location of the boreholes,

relative to the geophysical sounding, is unknown it appears that the bedrock

intersection in the east was shallower than anticipated whilst the converse is true in

the central plain; these differences are not of sufficient magnitude to invalidate the
geophysical interpretation and are too localised to justify general revision of

estabtished aquifer geometry. The possibility of reduced aquifer thickness in the east,

however, may have significant impact on local groundwater availability'

2.2.2 Aquifer Parameters

The number of controlled pump tests that have been conducted in the Tihama alluvial

aquifer is quite small. Results from given areas typically fail to establish definitive
regional trends due to the extreme heterogeneity of the alluvial sediments'

9NORADEP YEMi87lO15
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Fig 2.3 Geo-Electricat Profile ffBWRg (section Lines See Fig. 2.2)
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Tihama Water Resourcos

ln general, however, relatively high mean section permeabilities tend to be associated
with the wadi courses, decreasing westward and with increasing distance from the
wadi.

Evidence has also been put forward (MMP, 1982) for the decrease in lateral
permeability with depth. ln Wadi Mawr mean section permeabiiities in the upper 30
rn of the alluvial sequence were found invariably to be in excess of 14 m/d whereas

below this level permeability decreased markedly with depth, falling to about 1 m/d

at about 130 m. ln Wadi Surdud, testing of two boreholes constructed to the east
(central plain) and west (coast) of a north-south trending fault/flexure, yielded lateral
permeability values, for the contributing aquifer horizons, of 8 m/d and 17 mld
respectively. The higher value, near the coast, was associated with more uniform

and better graded/sorted sediments indicating intercalation with aeolian or marine

sediments. Flow in the well constructed to the east of the fault/flexure appeared to
be restricted to discrete horizons within the uppermost 100 m of the aquifer.

Further information has become available for the Northern Tihama with completion
of the TDA exploratory drilling and test production well programme. Aquifer tests
have been conducted at sites TDA-15 and TDA-16'

Shallow test wells TDA-15A and TDA-16A were drilled at 387 mm diameter and

equipped with a 250 mm diameter inline casing/screen assembly with a gravel

envelope placed in the casing/borehole annulus. The deeper well TDA-168, located
5 m distance from TDA-164, comprised a 55 m deep pump housing of 250 mm

diameter with a lower, inline production string of 2OO mm diameter. Summary details
of well depths and screen intervals are given in Table 2.2. At each test site two
observation wells were constructed (75 mm dia galvanised pipe in 150 mm dia

borehole).

TABLE 2.2 Summary Construction Data: TDA Test Production Wells

The pumping tests comPrised

r lnitial variable rate discharge test (3 steps of 60 minutes).
r Constant discharge test (15A-62 hr; 164-40 hr; 168-72 hr).
r Recovery test (24 hr).
r Repeat variable rate discharge test (3 steps of 60 minutes).

The data set and plots are given in Annex 7; a summary of results is given in Table
2.3. A wide range of transmissivity values were derived for each test with
conventional methods of analysis; in some cases, inadequate control of discharge
during an individual test has prevented meaningful analysis.

tlll,

14-43
30.8 - 54
55.4 - 172

29
23.2
81.2

60.s
50

300

45
50

175
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TABLE 2.3 TDA Test Welts: Summary Pumping Test Results

CONSTANT RATE AND RECOVERY TESTS:(A)

1 835
158

1 835
116

1720
770

2085
997

s-60
90-500

500-1 000
1 000-2000

1-30
30-3500

1-40
40-3500

15-B ob. well: 5 m

15-C ob. well: 15 m

15-A pumped

580
771
580
955
580

2290

5-200
s0-900
4-600

1 00-1 000
3-s0

150-2000

15-A

15-B

15-C

977
1 107
1 007

data unusable
2-100

200-1 000
20-1 000

inadequate response

16-4 pumped(s)

16-8 ob.well:5m(d)

16-D ob.well:30m(s)

64
664
895

100-500
40-1 000
30-2000

16-A
15-B ob.well:5m

1 509
1 639
738
738

20-2000
4-2000

15-1000
10-2000

16-4 ob.well: 5m(s)
16-8 pumped well(d)

16-C ob.well:10m(d)

791
604
536
626

80-2000
10-400

800-4000
40-1 50016-C

16-A
16-8

YEM/87lO15 12 NORADEP



(B) STEP.TESTS:

0.0029
0.013

0.0083

0.0025
0.013

0.0083

2.97
20.80
20.96

2.46
20.69
20.85

1037
1 598
2506

994
1 555
2506

Repeat Step-test

1

2
3

1

2
3

o.oo95
0.0097
0.0135

0.0078
0.0097
0.0135

216
626
950

2s9
626
9s0

2.O5
6.O5

12.80

2.O3
6.O5

12.80

0.00185
o.oo174
o.oo174

0.00151
0.00183
o.oo181

281
21 17
31 54

410
1944
31 54

0.52
3.7
5.5

o.62
3.55
5.7

Repeat Step-test

1

2
3

1

2
3

Notes
(s) shallow; (d) deep.

(1) Analysis by Jacob method; semi-log plots in Annex 7'

el Time interval actuallY tlt' - ratio of elapsed time since pumping

commenced and time since pumping stopped. Mean section
permeabilities were derived assuming an upper layer of thickness
3O m with mean permeability 20 mld overlying a layer of
thickness 160+ m with mean permeability 4 mld. '

The data set for estimation and derived value is given in Table

2.4. A groundwater flux of the order 90 Mcm/yr is indicated of
which an estimated 10 Mcm/yr flows out of the study area into

the Asir region

Repeat Step-test

1

2
3

1

2
3

Tihama Water Resources
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Tihama Water Resources

At site 1 5, in the alluvial fan area of Wadi Harad, anomalous behaviour was recorded
during the step-tests where during both the initial and repeat step-tests an increase
in pumping rate from 18 to 29 l/s failed to produce an appreciable drawdown
increment. The drawdown level for both discharge rates equates approximately with
the top of the bedrock and probably also with the top of the pump. lf the drawdown
readings are accurate then the inference is that the alluvial sequence is essentially
dewatered locally and that the bedrock sequence or its weathered upper section
sustains flows of the order 30 l/s. Transmissivity values derived from the constant
rate and recovery tests range from 1 16 to 2290 mzld; most values however tend to
be in the range 600 -800 m2ld which gives a mean section permeability of the order
20-25 m/d for the assumed 30 m saturated thickness/screen length.

Analysis of the test on the shallow well at site 168 in the central plains area is
restricted by the poor control of the pumping rate during the constant rate test and

the minimal response of the shallow piezometer (16-D) with the low pumping rates.
The tJeeper piezometers display transmissivity values in the range 644 - 1107 m2ld
which probably more closely reflects the entire alluvial thickness rather than the
upper tested portion. The test on the deeper well (16-8), provided more consistent
data and demonstrates the leaky response of the aquifer. Transmissivity values for
the deeper aquifer section tend to be in the range 600 -740 m'ld indicating a mean
section permeability of the order 4 - 5 m/d for the 140 m saturated thickness.

2.2.3 Groundwater Levels

The most complete data set for establishment of depth to water in the northern
Tihama was provided by the TBWRS well inventory; contours are given in Fig. 2.4

Water depths of less than 20 m can be found in a narrow 3-10 km band along the
eastern boundary with westward extensions generally coincident with wadi courses
(recharge zone), and along a 12-15 km wide strip parallel to the coast (discharge

zone). Groundwater depths in the intermediate central plains area where surface
elevations are augmented by sand dunes, range from 20 m to 60 m.

Contours on the phreatic surface are given from the results of the TBWRS well
inventory in Fig. 2.5

Groundwater flow is from east to west with hydraulic gradients changing markedly
across the plain. ln the eastern alluvial fan area where aquifer thickness is limited,
hydraulic gradients are of the order 0.005 decreasing to O.OO3 in the central plains
area where aquifer thickness is at its maximum. Within the coastal discharge zone,
gradients decrease further to 0.001..

It may be further discerned from Fig. 2.5 that a significant portion of the Wadi Harad
groundwater flow system flows into the Asir region.

2.2.4 Groundwater Flux

An estimate of the groundwater flux in the alluvial aquifer of the northern Tihama can
be obtained from aquifer geometry and hydraulic gradients with assumed mean
section permeability values ffable 2.4).

NORADEP 15 YEM/87iO15
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Tihama Water Resources

Values from each of the geo-electric profiles lFig. 2.41 were averaged to provide

aquifer thickness and hydraulic gradients for locations immediately east of the north-

south trending faults (fan) and at the point of maximum aquifer thickness in the
central plain area.

TABLE 2.4 Estimation of Groundwater Flux Flow Section

2.2.5 Groundwater OualitY

No chemical analyses for groundwater in the northern Tihama have been reviewed;

a visit to NWASA, currently engaged in the development of public water resources

in Abs, failed to provide useful data. Groundwater quality, expressed in terms of
electrical conductivity (EC), is shown in Fig. 2.6 (TBWRS).

The general features of the EC distribution are as follows:

r Freshest groundwater (< 1000 micro S/cm) development extending westward
from the foothills in association with wadi courses;

r Gradual deterioration in water quality towards the coast and in the inter-wadi
areas;

r Saline groundwater (> 4000 micro S/cm) occurrence in a strip, of width 5-10
km at the coast.

Groundwater apparently suitable for agriculture ( < 2000 micro S/cm) can be f ound

over 65% of the total area. Brackish water (2000-4000 micro S/cm) extends
coastward covering an additional 12o/o of the total area. The EC distribution, as

determined from water sampling during the TBWRS well inventory, shows excellent
agreement with the geo-electric interpretation (refer Fig.2.2 and 2'3).

2.3 AOUIFER RECHARGE AND DISCHARGE

2.3.1 Recharge

Recharge to the Tihama alluvial aquifer would naturally be derived from:

r Rain falling directly on the Tihama plain.

47
4.8

14
70
82

190
3.2
6.5

70
101

(m)
(*10-3)
(m/d)
(km)

(Mcm/yr)
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Tihama Wster Resources

r Runoff from Tihama-facing hill slopes.
r Surface water inflows (wadis).
r Sub-surface boundary inflows (wadi bed and bedrock sections).

Within historic times the traditional diversion of wadi flows for surface water
irrigation has modified the recharge processes associated with surface water flows;
the introduction of conveyance and field losses being associated with a consequent
reduction in wadi bed losses.

The more recent impact of groundwater abstraction is discussed in Section 3

Tihama Rainfall
Mean annual rainfall in the Tihama increases eastward from less than 100 mm near

the coast to about 400 mm at the foothills. Mean monthly rainfall data for three
stations installed in 1986 (TBWRS) are given in Table 2.5; histograms for the period

for which data is available are given as Fig. 2.7. Full data sets including daily totals
are given in Annex 1. Rain gauge station location is shown in Fig. 1.1.

Rainfall tends to occur in occasional, localised storms. ln 1989, for example, the
number of rain days for Midi, Al-Khadrah and Harad Al-Kadimah were 7, 6 and 15

respectively. lndividual storms typically yield 1O-20 mm precipitation with occasional
events in the central plains and foothills areas of 40-50 mm.

With mean daily evaporative demand in the area of about 5-6 mm/day (Al Zuhrah
Meteorological Station, TBWRS) it is evident that the potential for direct recharge
from rainfall is limited.

Recharge may occur, however, where intense storms fall on the predominantly sandy
soils common in the central plains and coastal areas. Collectively, such soils
constitute about 8Oo/o of the total area of 2500 km2. Assuming that 5O% of the
mean area rainfall (24O mm, TBWRS) occurs as intense storms and adopting a

recharge factor of 1Oo/o, the recharge from rainfall would be of the order of 24 Mcm.

Tabte 2.5 Tihama Rainfall (Source: TDA Data Base)

7.2 22.4 0.0 3.9 0.0 0.1 0.6 4.1 1 1.0 5.8 0.9 46.0

5.8 5.9 0.8 7.3 0.0 1.9 0.0 9.8 23.8 7.8 0.0 13.6

0.6 3.6 0.517.4 8.8 8.1 7.O 46.3 48.5 18.3 3.0 28.4
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Fig. 2.7 Tihama Rainfall (1986 - 1989)
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Runoff from Tihama-facing Hill Slopes
An assessment of hill slope runoff was undertaken within TBWRS based on

consideration of catchment areas, physiography, hill slopes, and rainfall. The
generally low slopes that occur within the catchments adjacent to the Tihama
boundary in the northern region preclude recharge to the Tihama alluvial aquifer'
Runoff generated in these areas develops ephemeral streams that may join local wadi
courses, or infiltrates into the poorly developed soil profiles from where it is lost
through evaporative processes or percolates into the shallow bedrock strata.

Surtace Water lnflows
A number of wadi courses transect the northern Tihama, delineating the historic
passage of surface water spate flows generated by relatively high rainfall in the
mountainous catchments to the east. The association of fresh groundwater with
wadi courses in the Tihama bears testament to the recharge resulting from the line

sources of wadi course flows.

Wadi Harad has the largest catchment in the area (912 Km2l followed by Wadi
Hayran (426 km2l. Smaller catchments are associated with Wadis Bawhal and Al
Oawr (250 km2) and Bani Nashar (127 km2l.

Rainfall data is extremely limited in the catchments of these wadis; there is only one

station in the Hayran catchment (Wah'ha, TDA station 1.01)with intermittent data
available for the period 1977 to 1989.

Discharge monitoring of Wadis Harad and Hayran commenced in 1986; while
baseflows have been measured regularly, total flow volumes (flood plus base flow)
are only available for both wadis for the period March 1986 to April 1987.

Total flow volumes for this period are given in Table 2.6 and shown as histograms
with the middle catchment rainfall data from Wash'ha in Fig. 2.8.

Table 2.6 Measured Surface Water lnflows

Allavailable discharge data are given in Annex 2; the locations of the TDA discharge
measuring stations are shown in Fig. 1.1.

From Table 2.5 the cornmon characteristic of April-May and July-August-September
high discharges can be seen.

o.9 6.9 2.2 0.6 1.5 4.2 5.8 1.0 1.1 2.6 1.0 0.6 1.1 1.2

0.1 2.8 0.7 0.1 0.2 0.6 0.8 0.4 1.0 1.0 0.4 0.4 0.s 3.4
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Fig. 2.8 Wadi Discharge and lJpper Catchment Area Rainfall (1986-1989)
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The rainfall/surface flow relationship is evident for the Harad system (Fig. 2.8).
Relatively high catchment rainfall in April and, to a lesser extent, November (1986),
is associated with discharge peaks. That the relationship is not so evident f or Hayran
confirms the irregularity in catchment rainfall distribution. This is further evidenced
by the base flows shown in Fig. 2.9. Wadi Harad baseflows remain remarkably
consistent throughout 1 989 and 1990 whereas reduced baseflows are coincident
with the generally lower catchment rainfall (1989-1990) in Wadi Hayran. Average
annual baseflows for Wadis Harad and Hayran for the two year period 1989-1990,
arc 15.2 Mcm and 1.3 Mcm respectively ffDA Data Year Book). Assuming that
baseflows constitute about 50% of the total annual discharge ffBWRS), total annual
flows of the order 3O Mcm and 3 Mcm are indicated.

Fig. 2.9 Baseflows (1986-199O)
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Mean annual flows estimated by (a) application of runoff coefficients to individual

catchment areas (JICA, 1980), and regression analysis of Tihama catchment

characteristics (hydro-environmental units) and measured flows (TBWRS' 1988) are

!ir"n in Table 2.6. The TBWRS did not recognise the smaller wadis Al Oawr and

Eani Nashar as significant contributors to the Tihama groundwater balance'

There is currently insufficient data with which to quantify the mean annual flows of

the wadis entering the northern Tihama with a reasonable degree of accuracy'

Historic annual discharges of the order 25 Mcm, 10 Mcm and 4 Mcm are indicated

for Wadis Harad, HayrJn and Bawhal; total surface water inflow to the region is of

the order of 50 Mcm/Year.

Recharge from surface flows, including percolation from wadi beds' the canals and

fields of associated traditional irrigation systems, is assumed to be of the order 60%

of the mean annual wadi flow. Historic total annual recharge from surface water

inflows into the region is estimated to be of the order of 30 Mcm'

Tabte 2.7 Estimated Surface Water lnflows

Notes
(1) JICA 1980: application of 5.4o/o runoff coefficient to catchment areas and

average annual rainfall.
el TBWRS 1988: regression analysis of Tihama catchment characteristics (hydro-

environmental units) and measured flows.
(3) TBWRS 1988: flows reduced in accordance with measured reductions in other

Tihama wadis over period 1983-1988 due variously to reduced catchment

rainfall and increased upstream use of water'

Sub-surtace Boundary lnflows

Sub-surface groundwater inflow to the Tihama can occur through saturated

alluvial/colluvial fill wadi bed sections, and possibly also from adjacent bedrock

sections.

The magnitude of bedrock inflow has been considered negligible in previous studies

on account of the general lack of primary permeability of the boundary strata and the

lack of evidence from groundwater level monitoring of any recharge process'

Localised sub-surface infiows of hot, mineralised groundwater have been recorded

at near-foothills locations throughout the Tihama, however, which testify to the

12.4
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transmitting capacity of fractures/faults under certain hydrogeological/thermal
regimes. Whether such inflow can occur in the absence of a thermal gradient is a
matter of conjecture and unlikely to be resolved without detailed hydrogeological
mapping and groundwatet I hydrochemical monitoring.

ln the northern Tihama alluvial sediments locally abut and overlie Tertiary acid
intrusions and sandstones of the Tawilah Group, Mesozoic limestones, marls and
shale (Amran Series); shales, sandstones and conglomeratic bands (Kohlan Series);
and Pre-Cambrian schists. With the local exception of Tawilah Group sediments,
none of these formations have been exploited as a major aquifer elsewhere in Yemen'
Any contribution from bedrock sources to the Tihama alluvial aquifer is likely to be

minimal in the context of the major water balance components. Evidence of rapid
water level declines in areas of shallow bedrock adjacent to the foothills, presented
in Section 3 hereunder, tend to confirm this hypothesis although the pump test
results from TDA-I5 (reported in Section 2.2.21 leave open the possibility of
significant local inflows from weathered bedrock sections. ln the absence of
quantitative data, the arbitrarily established annual inflow of 0.1 Mcm/km section
length ffBWRS) is retained, which yields a total bedrock inflow to the region of the
order of 7 Mcm.

Wadi courses on entry to the Tihama tend to be narrow with incised alluvial/colluvial
fill channels that remain saturated throughout the year. Geo-electric sounding at the
Tihama boundary of Wadis Harad and Hayran indicated bedrock depths of 50 and 10
m respectively. With estimated through flow sectional areas, hydraulic gradients
equivalent to wadi bed slopes and assumed mean section lateral permeabilities of 50
m/d, the annual sub-surface inflow is estimated to be about 3-4 Mcrn for each wadi
section. A similar quantity can be anticipated for the sub-surface inflow section
associated with Wadi Bawhal with lesser amounts for Wadis Shi'ab, Habl and Ayn.
The total sub-surface inflow from saturated wadi bed sections abutting the Tihama
is estimated to be of the order 15 Mcm/yr.

2.3.2 Discharge

Discharge from the alluvial aquifer is effected primarily by direct evaporation of
shallow groundwater and evapotranspiration. Both processes can occur where depth
to the phreatic surface is less than about 5 m and the unsaturated hydraulic
conductivity in the unsaturated zone is of sufficient magnitude to permit upward flow
under evaporative demand. Such areas in the region are confined to a coastal strip
of less than 2 km width and, seasonally, narrow zones immediately adjacent to and
sub-parallel with upper wadi courses.

At the coast where direct evaporation is sustained under an evaporative demand of
the order 2000 mm/year, a sabkha environment occurs with development of saline
soils through precipitation of salts from the groundwater during the evaporative
process.

TBWRS estimates for the cumulative loss of groundwater via direct evaporation were
made utilising an equation relating evaporation rate to groundwater depth which was
found to adequately describe losses in the Wadi Mawr coastal environment (MMP,

1982). ln the absence of any new data or improved technique the TBWRS estimate
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3 GROUNDWATER USE IN THE TIHAMA

The TBWRS inventory in the northern Tihama, undertaken through the period
September 1985 to July 1986, provides the most comprehensive data set on well
distribution and groundwater use in the region. The NORADEP study area in the
northern Tihama is almost coincident with the TBWRS geohydrological provinces of
Harad and Abs which incorporates the TBWRS well inventory areas Harad, Hayran,
Habl, Oawr and most of Ayn.

Summary data for the TBWRS well inventory, presented herein, is derived from the
above-mentioned well inventory areas and may show some minor deviations from the
geohydrological province data given in TBWRS reports. These differences are
insignificant with respect to the general characteristics of groundwater development
and use.

The NORADEP well inventory in the Tihama was designed to review the groundwater
use situation and provide information on recent, post-TBWRS, developments in the
atea. For this purpose, it was intended that approximately 1O% of the estimated
total number of wells, evenly distributed throughout the region, would be re-visited
and become the focus of investigations into newly constructed wells. This survey
was undertaken through the period April-May 1991. NORADEP well inventory data
has been processed to provide three data sets:

I
r
I

NORADEP 1

NORADEP 2
NORADEP 3

Tihama plain, all wells
Tihama plain, new wells (> 1985)
lnland and upstream wadi areas.

The locations of wells inventoried in the Tihama during the NORADEP inventory are
shown in Fig. 3.1.

ln the f ollowing sections aspects of groundwater development are discussed from the
findings of all Tihama data sets with specific attention being given to the
establishment of the general characteristics of groundwater use and identification of
any recent changes. Details relating to the inland and upstream wadi areas are
discussed separately in Section 4.

3.1 GENERALCHARACTERISTICS

3.1.1 Well Distribution

Pumped well distribution is shown in Fig. 3.2, which includes a soil underlay from
which it may readily be discerned that well location is related to soil types, depth to
water and groundwater quality (refer Fig.2.4 and 2.6). Distribution is also dependent
upon access to surface water supplies and aquifer development; thus, few wells
occur in the spate irrigated area of Wadi Harad and over extended distances adjacent
to some foothill areas where shallow bedrock occurs. ln downstream wadi areas,
where optimal soil, water depth and quality conditions prevail, there are many wells;
these appear as the westward extending "arms" in Fig. 3.2.
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Table 3.1 Comparison of TBWRS (198fl and NORADEP (1991) Well lnventorY Data

3.1.2 Pumped Well Numbers and Use

1259 wells were located in the TBWRS well inventory of which 830 were equipped
with a pump. The expansion in groundwater exploitation in the northern Tihama has
been rapid. ln the early to mid-1970s, from a base level of less than 30O wells,
expansion occurred at the rate of about 2O wells/year increasing to about 60
wells/year through the late 1 97Os early 198Os. A f urther increase in expansion rate
became evident in the mid-1980s at which time more than 100 new wells were
installed annually.

Of the total of 830 pumping wells located in 1985-1986, 760 @2o/rl were utilised
for irrigation purposes. The intensification of groundwater development in the region
is illustrated by the annual and cumulative irrigation pump deployment in Fig. 3.3.

3.1.3 Well Types, Depths and Discharge Rates

Dug, drilled and combined (dug well deepened by drilling) welltypes occur. Statistics

YEM/87/O15 30 NORADEP

830

41

36

23

222

78

10

12

42

74

14

12

182
98

2

0

gI
sample nr
dug
drilled
combination

s08

6.0

62.8

24.7

229
3.5

70.0

27.8

42

3.s
65.0
29.2

192
0.6

33.0

6.8

sample nr

minimum
maximum
mean

1 2s9
0.0

100.0

34.6

241

1.0

140.0

43.5

44

5.8

126.0

49.1

202
0.4

60.0

9.6

WELL DEPTH (m)

sample nr

minimum
maximum
mean

Iq.

s08

1.0

2s.0
9.5

94

0.3

25.0

8.9

13

2.4

18.8

8.4

104

0.1

11.4

3.2

Dtscnnnce nRle .0/sl ,

sample nr

minimum

maximum
mean

(eI

828

92

8

157

93

7

u
88

12

157

3

97

sample nr

lineshaft
centrifugal



Tihama Water Resourcos

showing the proportions of each type are given in Table 3.1 (a). There are no
indications that drilling activity has increased in recent years; new wells are
predominantly constructed by manual excavation techniques.

Well depths vary locally in accordance with the primary control-depth to water' Dug
wells typically only extend a few metres beneath the water table whereas 1O-20 m
of aquifer penetration is commonly effected in drilled wells as indicated by
comparison of summary data given in Tables 3.1 (b) and (c)' The maximum irrigation
well depth recorded is 140 m; mean well depths show an increase from 35 m
ffBWRS) to 49 m (NORADEP 2],. Depth to water as determined by the NORADEP
inventory is shown in Fig. 3.4.

Well discharge rates range from 1-2 l/s to maximum values of 25|/s with a mean of
about 9l/s as shown in Table 3.1 (d). The NORADEP inventory confirmed TBWRS
findings with respect to the general tendency of well yields to increase westward.
Relatively low well yields (< 10 l/s) occurred near the inter-wadi foothills zones and

higher yields in the central plains area (Fig. 3.5).

This variation was considered to reflect, in part, variable depth to water and pumping
equipment, but may also signify reduced aquifer transmissivity in the near-foothills
inter-wadi areas. lnsufficient specific capacity data (well discharge/drawdown) are
available to confirm this hypothesis.

3.1.4 Pumping Equipment

Discharge is typically effected by vertical turbine (lineshaft) pumps coupled via
crossed webbing belts to 20-25 HP diesel motors - Table 3.1 (e). There is a fairly
high degree of standardisation in pumping equipment with Caprari models accounting
for more than 50% of pump types and Yanmar about 8Oo/o of engine types.

Lower capacity centrifugal pumps were only found in the wadi environs and in areas
of shallow bedrock near the foothills where depths to water were minimal.

3.1.5 Farm lrrigated Areas

Average individual well irrigated farm area, as determined by TBWRS was 9.3 ha
(assumed local measure 1 ma'ad = 0.006 ha). NORADEP data indicate that farm
sizes associated with newly constructed wells were somewhat larger with mean
value 13.5 ha - Table 3.2 Gl.

The smallest farrn sizes (less than 5 ha) were typically found in the east, adjacent to
the foothills in the traditional rainfed agricultural areas, and at isolated locations in the
central plain area.

The total groundwater irrigated area in the northern Tihama was estimated at about
71OO ha (TBWRS) of which almost 60% occurs in the environs of Harad.
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Fig. 3.3 lrrigation Pump Equipment (TBWRS)

TBWRS Well lnventory llrrigation Pump lnstallation
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3.1.6 Crops

lnformation on crop choices is given in Table 3.3. Sorghum remains the dominant
crop in all seasons for about 95% of farms. ln only 3o/o of cases were vegetables
identified as a primary crop and 2o/o for fruits.

Sorghum may be sown once or twice and allowed, after individual harvests for grain
and fodder, to also yield one or more ratoon crops solely for fodder. During
maturation of the ratoon crops part of the farm area may be given over to cultivation
of secondary crops. Areas allocated to the respective crops were not established
during the well inventories. ln many cases it is believed that the primary sorghum
crops would occupy most if not all of the irrigable area and that cultivation of
secondary crops would be limited to less than an estimated 2Oo/o of the total area.
Secondary crops included vegetables (including okra, melokhia, tomatoes, peppers),

fruits (mangoes, papaya, banana, guava, melons) and industrial crops (sesame).

The data given in Table 3.3 indicate recent increased development of fruit crops at
the expense of vegetables and sesame. Such a change in cropping pattern was
confirmed locally in the field. ln the traditional rainfed Daban area, north of Wadi Al
Oawr, extensive mango cultivation has been initiated. A large scale operation
covering > 300 ha and utilising modern, irrigation techniques (drip, centre pivot) has
stimulated local interest to the extent that most neighbouring farmers were now
cultivating the same or similar fruits.

3.1.7 Groundwater Abstraction

Data relating to seasonaland annual abstraction volumes are summarised in Table 3'2
(b) and (c). The data presented are raw data as given by measured discharges and
the respondents' estimate of hours/day and days/month pump operation. Actual
abstraction volumes are likely to be less, given farmers' common underestimate of
stoppages for maintenance and repair; a reduction factor, adopted in TBWRS, of 0.8
is used for the quantification of actual abstraction.

Little variation in seasonalvolumes appeared on comparison of mean values. TBWRS
data indicated seasonal abstraction volumes of about 38 000 m3 whereas NORADEP
data provided a lower value of about 30 000 m3. Annual volumes averaged 0.14
Mcm/well (TBWRS) and 0.12 Mcm/well (NORADEP).

The significance of this variation is uncertain. Field inspection of the area shows that
irrigation canal lining and occasional use of flexible pipe conveyances are more
common than during the TBWRS inventory. However, the proportion of wells with
such improvements remained quite low, thus the impact on reduced water
abstraction associated with reduced losses is likely to be minimal. A mean
abstraction volume of 0.14 Mcm/well is retained for the purposes of this study.

3.1.8 Water Application

Water application as shown by uncorrected data in Table 3.2 (d) shows extremely
wide variation and significant contrast also between mean TBWRS and NORADEP
data.
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Mean values, expressing water volume/irrigated area without losses, ranged from
27OO mm (TBWRS) to t 700 mm (NORADEP) which reduced, respectively, to about
22OO mm and 1400 mm when farmers' over-estimate of pump operation was taken
into account. Experience on the Tihama suggests that the NORADEP figure is too
low unless it were assumed that significant crop under-watering was occurring; field
observations do not support this thesis.

Table 3.2 Comparison of TBWRS (198fl and NORADEP (1991) Well lnventory Data

Further detail on water applications was sought from a study of NORADEP data on
groundwater irrigation farms that receive no supplemental water from wadi flows.

Summary findings are given in Table 3.4; the complete data set (with corrected
abstraction volumes) are given in Annex 3. Further complications, however, arose
from this data set.
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Table 3.3 Crop Choice Data as Collected During TBWRS (198fl and NORADEP
(1 991 ) Well lnventories

Mean water applications for the sample of 60 + sites was 1650 mm, again

apparently low, whereas mean values for sites located in wadi alluvium (Soil Type L4)

were 2800 mm. The variation in alluvial fan soils was also anomalous with 1700 mm

on the medium textured (Type L6) soil and 1000 mm on the coarser soil (Type L7)'
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Table 3.4 Water Application on Various Soil Types

There were no obvious differences in cropping pattern to explain these variations'
Whilst detailed examination of the data set showed a number of obvious errors with
respect to irrigated area (in many cases it is believed that the actual farm area was

recorded as opposed to the irrigated portion and thus water application is under-

estimated), the differences in derived water applications appeared to be related

largely to well yield and pumped operation. lt could be argued that the farmers on the

alluvial fan pumped less because they benefit from higher rainfall; if this was the case

it is difficult to reconcile the differences between sites on soil types L6 and L7 which
are, with respect to rainfall, in the same position, also the consistency of cropping
patterns in each of the three zones.The wide range of values obtained from the
iespective inventories and the anomalies within data sub-sets prevent establishment

of a meaningful estimate of water application for the typical cropping patterns'

3.1.9 Well and Pumping Equipment Costs

Data relating to well and pumping equipment costs, as provided by the inventory

respondentJ(cost at time of construction or purchase) are given in Table 3'5 (a) and
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(b). lrrigation well costs ranged from YR 3000 (shallow hand-dug) to about YR 200
O0O (deep, drilled). The mean well cost is currently of the order YR 57 5OO, an

increase of about 40% since 1985. Mean pumping equipment costs appear, from
comparison of survey data, to have more than doubled over the same time period

from YR 42 OOO to YR 93000.

Table 3.5 Costs of Well Construction and Pumping Equipment

3.2 INCREASE IN NUMBER OF WELLS

The NORADEP survey identified 44 new well sites; their location is shown in Fig. 3.2.
Recent intensification of groundwater development appeared to be occurring in the
central plains area.

TBWRS data for 1985 indicated that new wells were being installed at a rate of
lOOlVear. Had this rate been maintained, an additional total (post-TBWRS) of about
5OO wells could be anticipated. While recognising that only a small proportion of
new wells had been located during the NORADEP survey, the general impressions of
field crews was that it was unlikely that such expansion had indeed taken place. For

estimating purposes it was assumed that expansion rates had declined since 1985
and that the total number of irrigation wells in the area has increased from 760
(1985) to 1100 (1991).

3.3 NET GROUNDWATER ABSTRACTION IN THE NORTHERN TIHAMA

Gross abstraction for irrigation purposes in the northern Tihama (GAi) was estimated,
assuming 1 1OO irrigation wells with mean individual annual abstraction of 0.14 Mcm,
at about 150 Mcm.

Given the variation and anomalies in water application assessment it was not possible

to control estimates of irrigation returns; for estimating purposes it was assumed that
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under-watering is not practised and that the efficiency of the irrigation system is

4Oo/o, with eOV, of the abstracted volume returning via percolation to the

groundwater reservoir.

Thus, net groundwater abstraction (NAi) was estimated at 4Oo/o of gross abstraction;

an annual discharge of about 6O Mcm. Cumulative annual discharge from the 70 or

more domestic utilities in the region (GAd) is of the order 3 Mcm'

The total net groundwater abstraction in the area was estimated to be about 63

Mcm.

CURRENT GROUNDWATER BALANCE

The natural groundwater balance of the region has been significantly modified by the

successive increments in abstraction over the past 20 years' The increased

abstraction, while locally modifying flow paths, has probably not yet had significant

impact on regional (central plains and coast) hydraulic gradients and so natural

coastal discharge is likely to remain at historic levels'

A current annual groundwater balance can thus be established as:

Recharge = Natural Discharge + Net Abstraction - Storage Change

Where recharge and natural discharge are as given in Section 2'3'3 and net

abstraction is determined above in Section 3.3.

Hence, the aquifer storage change can be estimated:

Storage Change : Recharge - Natural Discharge - Net Abstraction

= 06-76-63)

: 63 Mcm/yr

Note: For estimating purposes it was assumed that the accuracy of volume of

recharge/discharge is *. 2OY" (Section 2.3.3).

This storage change represents the volume of water that is withdrawn annually from

aquifer storage to meet abstraction demand. Such withdrawal is naturally

accompanied by a decrease in aquifer storage volume and thus a decline in water

level. The magnitude of water level decline willvary according to the hydrogeological

environment; in particular, the degree of local abstraction and the specific yield of the

sediments being drained.

The occurrence, distribution and magnitude of water level declines in the region are

evaluated in Section 5.
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4 GROUNDWATER USE tN THE INLAND AND UPSTREAM
WADI AREAS

The NORADEP well inventory was extended into several inland and upstream wadi
areas, not previously assessed, to gain general insight into water use and
developments. The location of areas visited is shown in Fig. 4.1; in total about 220
sites were visited.

Significant groundwater development has occurred east of Abs in the upper reaches
of Wadis Al Oawr and Bawhal. Here 271 wells were located (121 inventoried) in the
narrow valley sections incised into a predominantly rocky, undulating terrain.

Development was also evident in the upper reaches of Wadi Bani Nashar (59 wells)
and Wadi Hayran (27 wells). Little development was observed in the upstream
sections of Wadi Habl and even less in Wadi Harad.

Statistics describing groundwater development in these areas can be found with the
other NORADEP data sets in Tables 3.1 (a)-(e), 3.2 (a)-(d), 3.3 and 3.5 (a)-(b) under
the headings NORADEP 3.

ln contrast to the Tihama plains, agricultural development in the inland and upstream
wadi areas was typically restricted to narrow stream beds or wadi bed margins;
extensive development was limited by topography and absence of suitable soil
profiles. Farm sizes consequently tended to be small, of the order of 0.5 ha.

Well depths were typically < 1O m with depths to water averaging 6-7m; such
shallow depths to water enable the almost invariable use of centrifugal pumps l97o/o
of sample). Well yields ranged from ( 1 l/s to 1 1 l/s with a mean of about 3 l/s'

Sorghum remained dominant in cropping patterns although at a lower proportion of
the sample than found for the plains; maize was also cultivated on a small scale
locally. Fruit (banana, papaya, mango, oranges) and vegetable (potatoes, tomatoes,
carrots, peppers) cultivation was significantly more developed in the inland and
upstream wadi regions.

The seasonal variation in cropping pattern was more marked than in the plains with
virtually only grain (sorghum) production in the dry Sayf season. Almost 40% of
respondents claimed that their wells went dry during this season.

Despite this phenomenon, no significant seasonal variation in abstraction volumes
was evident from measured discharges and respondents' estimate of pump operation.
Mean annual abstraction volumes for individual wells was of the order 24OOO m3
(corrected value). Data for water application suffered from the same difficulties
experienced on the plain; the mean value, discounting highly irregular values, is of the
order 1500 mm.

Mean costs for predominantly shallow, dug wells were about YR 20 0OO with
pumping equipment at about YR 10 000.
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5 GROUNDWATER LEVEL AND OUALITY CHANGES

5.1 DATA

5.1.1 TDA Monitoring Network

The monitoring network established in the northern Tihama during the TBWRS
comprised 41 wells; the locations are shown in Fig.5.1. lnformation relating to
location, well type, depth and use are given in Table 5.1.

lnitial data sets were compiled from the TBWRS well inventory through the period

September 1985 to July 1986; monthly monitoring of groundwater levels and
groundwater quality (EC) commenced February 1988. Regular monitoring was
continued by TDA since November 1988.

ln mid-1991 only 28 sites were operable; 13 sites where water levels had fallen
below the base of the well have been abandoned. The number of observations made
since initiation of the monitoring programme is shown graphically in Annex 4.

The monitoring wells were visited by the NORADEP well inventory crews in June
1 991 . One well, HAR-293, could not be located and some minor discrepancies were
noted with respect to the location of other sites. Well head elevations were also
found to be at variance with those established during the TBWRS well inventory. The
differences, within the range + 20 m but typically less than 1O m, however, fall
within the anticipated error range of the altimeters used. The TBWRS elevations,
given in Table 5.1, have been retained; any elevation errors are unimportant with
respect to trend analysis but may introduce appreciable error potential with respect
to establishment of hydraulic gradients/flow analysis (as undertaken in Section 2.2.5l..

5.1.2 NORADEP Well lnventory

Additional information was sought on groundwater level and quality variations with
time from a comparison of TBWRS and NORADEP well inventory data in selected
areas.

5.2 GROUNDWATER LEVELS

The full data set of groundwater level monitoring is given in Annex 4.

5.2.1 Groundwater Level Trends

The time series of groundwater levels (1988-1991)were assessed with a view to
identification of trends. ln the assessment, difficulties were experienced, with the
incomplete data set and the spatial variability of groundwater level minima and
maxima, in meeting the requirement for a suitable time frame for comparison.
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ln the first instance graphs for all wells with a reasonable time series of data, were
prepared and sites differentiated with respect to the occurrence of an obvious
consistent trend. The only consistent trend observed was one of water level decline;
examples are given in Fig. 5.2. Sites at which such tretrds of water level decline
were identified are shown in Fig. 5.1.

Absolute water level depths were then compared for the month of February in 1988,
1989, 1990 and 1991. This month was selected as a compromise between data
availability and coincidence with the minima of the groundwater recession curve.
Differences between the values for Feb 1988 and Feb 1991 or, where data were
absent, between Feb 1 989 and Feb 1 991 were then computed; these are given with
the annual values in Table 5.2 and shown in Fig. 5.1 . ln two cases, where Feb 1 991
data were missing, the difference between Feb 1988 and Feb 1990 was adopted.

Whilst a groundwater level rise, typically less than 0.3 m, was indicated at six sites
and no change observed at one site, the vast majority of sites (21 out of 28 for
whicn a two or more year comparison could be made) displayed a groundwater level

decline. Declines over the 3l2l year period 1988 (1989)-1991 ranged from 0.1 to
5.3 m and showed considerable areal variation. The most significant declines were
associated with the areas of debouchment of Wadis Ayn/Al Oawr and Bawhal, along
the courses of Wadis Harad and Hayran and at an inter-wadi site located near the
foothills.

Rates of water level change at the various sites, over their respective monitored
periods, are given in Table 5.2 and shown in Fig. 5.3. An average rate of about 0.75
m/yr is evident for the Wadis Harad and Hayran areas whilst higher rates of 0.9 m/yr
and about 2.O mlyr are indieated at locations in Wadis Bawhal and Al Qawr/Ayn.
Water level declines are observed up to 20 km from the foothills.

Confirmation of these findings was given by matching wells inventoried by both the
TBWRS and NORADEP surveys. Data and maps for the Wadis Hayran, Al Oawr and

Bawhal areas are given in Annex 5. This data indicates annual water level declines
of 1.0m around Wadi Hayran and 0.6m around Wadi Bawhal.

Further demonstration of water level declines is given by maps showing the
distribution of TBWRS survey disused and dry wells (Fig. 5.4) and NORADEP survey
deepened wells (Fig. 5.5).

Occurrences of repeated deepening of wells was typically limited to the shallow
bedrock, near-foothills and inter-wadi regions where aquifer development and

throughflow is limited; in the Abs area, instances where wells have had to be

deepened more than three times are common.

Enquiries of farmers in such areas show that seasonal water shortages regularly occur
with consequent demand for the vehicular transport of water for domestic purposes.

For a number of wells deepened into bedrock strata there were reports of
deteriorating water quality.
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Table 5.1 TDA Monitoring Network

TBWre
Original Data Set

NORADEP

Variations

Elev. ,, Wetl
,:, Type

Well

Use

YYtsII

Type

Comments

HAFAD
30250 1 80550 1 30 duq 15.4 Dis 17.O

29850 1805$ 109 dtig 33.5 Dis kr

29050
28360

1 61 070 79 drill 30.0 hr 44+ deepened

1808rlo 55 drill 30.0 kr 35+

28340
28940

1 81 020 57 dus 32.6 Dis comb deepened

1813S 82 drrs 24.0 Dis

29660
29850
29600

29450

181 110 1 00 dng 17.5 Dis drv

1$24 1 15 drill 100.0 Dis dry

1 81 370 105 dr.rs 42.8 Dis drill kr

1 81 460 1 05 duq 53.0 Dis not located

29000
28430
28770
29530

1 81 540 91 drill 55.0 Dis

1 81 750 69 drill 56.0 Dis

1 81 820 84 comb 32.O Dis lrr

1821 10 121 con ) 29.0 Dis

29750
30280
29820

29250
28020

1821m 1 34 dus 14.2 Dom

1 80080 1 35 duq 10.8 Dom

18017! 112dw 16.6 Dis

1801m 88 comh 57.0 Dis

179810 42dte 32.0 Dis dry

29340
29030

1 79320 95 duq 2t8.4 Dom

1 79360 70 dus 45.5 Dis

29710 1 78940 1 09 duq 29.0 Dom

30080 1 78950 1 29 duq 13.9 Dom

30080 17922! 132 dr.ro 13.2 Dom

ABSi

29270 179820 89 dug 35.0 Dis

28570
28950
30250
30670
29790
291 60

27900

17879 56 dus 45.0 Dis dry

17fmlo 75 dng 65.0 Dis drv

1779S 141 dus 27.7Dom
177sil 1Tl dw 34.4 Dom s7.5

1 78040 1 19 duq 36.0 Dom

171560 96 duq 52.6 Dis dry

1773€fJ 39dw 29.0 Dom Dis dry

29170 171210 95 dus 58.6 Dis drv

30590

30090
1770s 180 drJs 25.0 Dom

lTnn 148 duq 28.9 Dom

29480
30380
29630

I 76850 1 10 drro 64.8 Dis

176040

1 76050
26220

28740
27640

1761S
17624
1704@

LEGEND Dis : Distsed
Dom = Domstic
lrr = krigation

Com = dug+drilled
drill = drilled
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Aquifer Storage DePletion

The widespread occurrence of groundwater level declines provide conf irmation of the

imbalance that has been created within the groundwater flow system'

The rates of decline were, as might be expected, quite variable but tended to be of

the order 0.75 m/yr for much of the monitored alluvial fan near-foothills area'

lf it were assumed that this O.75 mlyr rate of decline provided a mean value

representative of the entire area extending up to 15 km from the foothills' the annual

aquifer storage change can be estimated, assuming a specific yield of 0' 1 3 ffBWRS)'
and an areal reductLn factor (ARF) of 0.5 because abstraction is not distributed

evenly over the entire area, from:

Storage Change = Water Column (m) * Area (m2) * ARF

= (0.75 * 0.13) * (70 000 * 15 000)*0'5
= 51 Mcm/yr.

This value, of the same order as that derived from the groundwater balance of

Section 3.4, confirms the magnitude of the annual aquifer storage depletion'

GROUNDWATER OUALITY

The full data set of groundwater quality (EC) monitoring is given in Annex 6' As for

groundwater level ironitoring data, graphs were made of all monitoring sites and

trends assessed. Example EC graphs are shown in Fig' 5'6' From these graphs'

seasonal variations in EC, reflecting recharge processes can be observed; these are

typically less than 500 micro S/cm.

Sites were differentiated according to whether they displayed relatively consistent

values throughout the monitoring period (eg. HAR-400, HAY- 80) or a trend of water

quality deterioration (eg. HAR-219, HAY- 4,HAR-222, OAW- 5)' Sites at which a

tiend of water quality deterioration was evident are shown in Fig' 5'7' Also shown

in this figure are areas of varying EC range as displayed by the time series of

monitoring data. Wadi areaswere characterised by minimal EC variation (< 15OO

micro S/cm) whereas generally higher absolute base values and significant variation

occurred in inter-wadi and downstream wadi areas. The sites at which water quality

deterioration was indicated lie within these areas with the sole exception of site

oAW- 1.

Water quality deterioration in the 'inter-wadi and near-foothills locations is an

intensification of existing conditions (refer Fig. 2.6 and Section 2'2'51which may be

attributed to modification of the local flow regime by pumping and/or a reduction in

fresh water recharge.
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Table 5.2 TDA Monitoring Network; Depth to Groundwater, 1988 - 1991 (FebruarY)

TDA MONITORING NETWORK
ebD to Groundwater 1988 - 1991

-3.5 -1.7519.916,616.4
0.3 0.1014.914.515.1 14.8

-0.8 -o.2725.125.324.3 24.5

30.7

26.3

0.0024.O 0.024.124.O
0.0322.2 0.121.721.122.3

20.4
-0.8722.3 -2.621.119.919.8
-0.80-1.629.828.3 28.9
-0.7023.3 -2.121.2 21.3
-o.7314.5 -2.222.512.3 13.1

-2.3 -0.7712.211.89.9 10.6
-0.10-o.26.96.7 7.3

-o.77-2.314.812.9 13.912.6

-0.50-1.046.545.5 47.2
0.050.144.4 44.444.5
0.050.19,7 11.011.1
0.1511,4 0.39.811.8

29.829.7
28.128.1

-0.1539.0 -0.345.138.7
47.7

-0.5 -o.173s.437.7 33.336.0
-0.93-2.837.4 37.035.234.2
-0.40-0.837.136.236.3

-0.55-1.157.9 58.357.3
-o.47-1.42s.3 25.724.3 24.3
-0.6029.0 -1.228.327.8
-0.1 563.2 -0.363.162.8
-2.6525.0 -5.320.319.6
-1.85M,O -3.736.940.3

60.8

-0.1 -o.0550.5s0.650.4
-0.0533.1 -0.133.333.0
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Fig. 5.2 Example Hydrographs (1988 - 1991)
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Fig. 5.6 Ex EC
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Further detail is offered by the comparison of TBWRS and NORADEP inventoried
wells; data and maps for the Wadis Hayran, Al Qawr and Bawhal areas are given in
Annex 5. From a limited sample of 15 sites where direct comparisons could be made

between 1985/86 and 1991 data, 12fell within the range + 5OO micro S/cm while
at three sites a significant deterioration in water quality (900 to 2300 micro S/cm)
was noted. Two of these sites lie on the margins of the fresh water bodies

associated with the wadi courses adjacent to brackish water, inter-wadi areas.
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6 GROUNDWATER DEVELOPMENT IN THE FUTURE

Groundwater development in the Tihama will in all probability intensify in the future
under the demand of a rapidly increasing rural population'

The rate of groundwater development, however, is conjectural; a rapid upsurge in
development might be expected to accompany the large scale return and resettlement
of emigrant workers. Conversely, a number of pumping lfarm operations which were
previously subsidised by such workers may become redundant in the absence of
regular, assured incomes.

Left uncontrolled, groundwater development will tend to be concentrated in the
central and western plains areas; well construction in the alluvial fan areas is likely
to be limited, as a result of limited aquifer development (shallow bedrock), brackish
water occurrences (inter-wadi zones), low yields, known water level declines and land
shortages in and near wadi courses.

Under the draft of existing and increased future abstraction, groundwater levels will
continue to fall as water is taken from aquifer storage. Prospects exist, as upper
more permeable aquifer sections become dewatered, for the rate of water level
decline to increase. The impact of water level declines will have most effect in the
shallow bedrock areas that may extend up to 10 km from the foothills. Here, local
aquifer sections will become dewatered.

There is also the prospect in the region of local water quality deterioration as the
command of well fields extends into brackish water inter-wadi zones and deepened
wells penetrate poor water quality horizons that may exist locally at depth.

Westward expansion of tubewell construction for irrigation will increase the risks of
water quality deterioration through upconing. lncreased welldensities along the wadi
courses in the central and western plains area will augment prospects for lateral
inflow of brackish water from inter-wadi areas.

The anticipated intensification of groundwater development in the plains area may be

accelerated by relocation of farmers whose wells go dry in the alluvial fan areas. The
mobility of these farmers, who occupy traditional rainfed lands is uncertain.

While fruit production under groundwater irrigation is likely to increase locally,
sorghum will remain the dominant crop for pump operators under an anticipated
sustained (domestic and livestock) market demand for both grains and fodder.
Significant changes in cropping pattern from low risk crops with high local demand
to high risk crops with often uncertain marketing conditions are unlikely to occur
naturally in the near future.

The cost of water will naturally increase with falling water levels and progressively
lower returns from abstraction will be realised. The change in groundwater irrigated
farm economics will doubtless lead to some degree of self-correction as an increasing
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number of wells become abandoned. No degree of such correction resulting in a
reduced draft on the aquifer is evident to date. The increased cost of water will
naturally tend to result in more efficient irrigation systems; this is already evident
locally and is likely to develop with availability of appropriate materials and increased

farmers' awareness.
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7 PROSPECTS FOR IMPROVED GROUNDWATER MANAGEMENT

7.1 INTRODUCTION

Rudimentary estimates of the major water balance components and assessment of
widespread groundwater level declines indicate that annual net abstraction in the
northern Tihama is currently of the same order as recharge. With natural discharge
at the coast remaining probably at or near historic (pre-pumping) levels under the
regional hydraulic gradient, an aquifer storage deficit of the order 63 Mcm
accumulates annually.

Further groundwater development, as will inevitably occur, will lead to aquifer loss
through dewatering and water quality deterioration.

The current level of groundwater use is not sustainable. Efforts must be made to
reduce abstraction drastically in order to ensure long-term viability of the groundwater
resource. Establishment of the reduction factor required demands further detailed
study but is likely to be of the order of 5Oo/o.

7.2 GROUNDWATERMANAGEMENT OPTIONS

7.2.1 lmproved lrrigation Techniques

Closed water conveyance at farm level was introduced in the Tihama by the UNDP-
FAO extension project YEM/84/002 which was followed by project TCP^/EM/44OOlT
under drought relief emergency assistance (1985-1986). The system to be provided
included head control works and 400 m of buried PVC (or surface galvanised) 1 10
mm diameter pipe. lt was intended that 5O farms be so equipped in the Tihama of
which 5 were to be in the Harad environs. No technical data could be found with
which to evaluate this initiative; the Terminal Report (FAO, 1986) describes
institutional and logistical problems with recommendations for project extension. lt
is believed that the Project was terminated at, or shortly atter, this time; it is not
known whether this action reflects the magnitude of problems encountered or failure
of the system proposed. The introduction of low pressure irrigation systems is being
effected, more recently, with reported success in Rada'a (Euroconsult, 1988).

lmproved irrigation techniques do offer potential f or more efficient use of
groundwater through reduction in losses that result from extreme evaporative
demand. While promotion of such techniques should be pursued, it must be
acknowledged that their widespread introduction offers little scope for redressing the
accumulating aquifer storage deficit.

Agricultural extension could usefully be employed to improve the generally poor
irrigation layouts, quantity and timing of water application, inappropriate basin and
furrow dimensions.
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Spatial Distribution of Abstraction

Prospects f or improved groundwater management through modif ication of abstraction
patterns to reduce the potential and scale of saline intrusion or upconing are

constrained by non-uniform aquifer conditions; aquifer development is limited in the

alluvial fan areas and inter-wadi areas are characterised by brackish water
occurrences. Management of groundwater abstraction in the Tihama would, in an

ideal case, involve controls to reduce abstraction in the alluvial fan areas where

aquifer sections will become dewatered. This reduction will occur naturally and

consequent impact should be accommodated in any management option scenarios'

DISCUSSION

Groundwater development has dual objectives - agricultural production and

sustainability of water resource. Recent works (TBWRS, 1988 and MOMR/TNO,

1991) have identified constraints on production imposed by farm practices, and

increased awareness of the increasing complexity of the water resource system and

the relations and conflicts between the different categories of water use'

The groundwater resource cannot be viewed in isolation. An integrated approach is

required for determination of the optimal use of water involving assessment of the

costs of water and the value of agriculture-derived benefits throughout the

catchment. The pilot study undertaken for Wadi Surdud provides excellent insight

into the inter-relationships of the various components.

water resources management objectives established during this study (MoMR/TNO'

1 991 ) include :

r Economic efficiency of water use'
r Sustainability of water use.
I Fair ciistribution of water-related benefits

The decision variables considered were:

r Rate of groundwater pumping as a function of time.
t Spatial pattern of groundwater pumping.
r lntroduction of conjunctive use in spate irrigated zones
I Wadi improvement works.
r Modification of cropping patterns.

The water resource management issues were identified as:

r lnterference of upstream development with downstream water use.
r Risks to sustainability such as sea water intrusion and excessive declines in

groundwater level.
I Low economic returns in some of the water use zones as a result of conditions

of unfavourable water resources or inefficient water use.

These objectives, decision variables and management issues are wholly applicable to
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the northern Tihama. Thus, the concept of "wadi development" previously

associated only with improved surface water irrigation systems where the wadis
debouch onto the Tihama Plain, is outdated.

Spate irrigation areas in the northern Tihama tend to be small and unlikely to be able
to produce the benefits necessary to iustify the investments required for structural
improvement unless undertaken within a conjunctive use scheme and adoption of a
more beneficial water use pattern. The impact of such works, which will reduce

wadi bed percolation losses, on downstream groundwater users must be taken into
account.

With increased agricultural production and water conservation - management in mind

there are two development prospects in the northern Tihama worthy of further
consideration. These involve:

r Conjunctive use of ground and surface water resources
I Modified cropping patterns.

It is beyond the scope of this report to expand on the increases in agricultural
production deemed possible through improved agricultural practices (current
production at about 3Oo/o of potential rate: TBWRS, 1 988) but water and agricultural
management clearly warrant simultaneous attention.

7.3.1 Conjunctive Use of Ground and Surface Water Resources

Conjunctive use of groundwater is already, in essence, being practised in the smaller
streams associated with many of the inland/upstream wadi courses. Groundwater
is mined during the extended dry season and the aquifer seasonally replenished.

Such upstream water use, however, reduces the amount of water available to
downstream users. Surface water flow is reduced by the amount necessary to fill
the dewatered profile; sub-surface throughflow is reduced by interception and lower
hydraulic gradients. Despite these "losses", low pumping heads and mining
opportunities make inland/upstream operations both cost and technically efficient'
However, agricultural benefits should be increased by the adoption of more lucrative
crops.

Conjunctive use of groundwater and surface water resources in the areas of spate
irrigation is not considered feasible for the wadis of the northern Tihama due to the
generally limited aquifer development in the near foothills locations. A possible

exception is Wadi Harad. An alternative development scenario may, however, be
available for this wadi due to the unique occurrence of an upstream area extending
several kilometres inland from the Tihama that is virtually devoid of agricultural
development, and forms an extensive, flat valley-wash plain much of which is
covered by natural vegetation including small trees.

The water resources of this plain should be investigated with a view to determining
ability to supplement spate irrigation downstream. The primary factors of interest are

aquifer geometry/thickness (water storage volume) and possible losses resulting from
direct evaporation and evapotranspiration.
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As the valley section at the Tihama boundary is narrow it is conceivable that
throughflow is impeded causing high water levels throughout the inland plain with
high resultant system losses through evapotranspiration. Such losses could be

significant where phreatophytic vegetation is supported. Reducing losses by
abstraction (water table lowering) and transfer to irrigable lands would produce a net
benefit for the system. Mining of groundwater in this area, which is subject to
seasonal replenishment, is a further option to consider.

7.3.2 Modified Cropping Patterns

Sorghum remains the single most important crop in all land use categories within the
Tihama plain and in inland/upstream wadi areas' The quest for maximisation of
returns on water use will necessitate conversion to crops more lucrative both for
individual farmers and the national economy' Farmers in the groundwater and spate
irrigated areas, however, are unlikely, generally, to modify their cropping pattern

unless either market forces dictate or a viable alternative is apparent. lncreased local

fruit production is a healthy response to Government intervention but remains,
regionally, at relatively low levels of production. Fruit production levels can be

expected to increase further naturally but cannot be expected to overshadow
sorghum cultivation in the short or medium-term' lt is postulated that improvements
in rainfed agriculture could be instrumental in bringing about the required

modifications in cropping patterns and by so doing create conditions whereby
groundwater (and in part spate) users would become more amenable to water
control. The concept, in summary, looks to research and development of rainfed
agriculture with the objective of increasing production and significantly increasing the
market share for rainfed grain and fodder products. This has particular import also
as it is the rainfed area that overlies that part of the aquifer that is gradually being
dewatered.

Where increased production can be achieved and supplemented by
investment/subsidies for an associated dry stockfood processing industry to meet
seasonal deficiencies, any sorghum cultivated under different conditions will be at an

economic disadvantage. For groundwater users this disadvantage will increase as
pumping costs rise.

Market forces can thus be expected to direct groundwater users to alternative crops.
Their ultimate selection can be guided and stimulated by actions taken earlier during
the development programme in the rainfed areas, such as improvement of marketing
conditions and introduction of vegetable and fruit packing and processing industry.
Where such modifications to cropping patterns can be effected, farm incomes should
increase and conditions more favqurable to acceptance of water use control created.

The concept as described remains simplistic and requires further inputs with respect
to agronomic, economic and sociological feasibility.
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8 L sloN

8.1 TIHAMA PLAIN

The northern Tihama is underlain by an extensive unconfined alluvial aquifer the
thickness of which is largely structurally controlled ranging from < 50 m near the
foothills to maximum thicknesses of the order 200 m west of major north-south
trending block faults, in the central and western plains area.

The aquifer is recharged in the alluvial fan areas by percolation of surface water
flows, rainfall, and sub-surface inflows. Natural discharge is effected at the coast via
direct evaporation. Knowledge of water balance components remains at a
rudimentary level; little is known of wadi flow volumes. Annual recharge is
estimated to be of the order 76 Mcm.

Fresh to brackish groundwater occursthroughout the area except in a 5-10 km wide
strip along the coast where a transition from fresh to brackish to saline water is
evident. Fresh groundwater is commonly associated with wadi courses, brackish
water occurring in the inter-wadi zones.

Groundwater use for irrigation continues to intensify. There are an estimated 1 100
pumped wells in the northern Tihama plain that collectively impose an annual draft
on the alluvial aquifer of the order 63 Mcm.

Well distribution on the plain is controlled by depth to water, water quality, soil type
and availability of surface water resources, with consequent primary concentration
along the downstream reaches of wadi beds and, where soil profiles permit, along the
traditionally rainfed areas in the inter-wadi areas.

Groundwater irrigated farm sizes are typically of the order of 1O ha. Sorghum
remains the dominant crop for almost all farmers with production of fruit, vegetables
and sesame relatively minor on a regional scale. Locally, fruit production is
increasing.

There is an absence of quantitative data on crop water applications and the efficiency
of groundwater irrigation systems.

Under the imposed groundwater draft, water levels are falling in the region. These
declines are most evident in the alluvial fan and near-foothills zones where aquifer
development is limited by shallow bedrock occurrences; here rates of water level
decline in the range 0.5-1.0 mlyear are common. Such rates have created a demand
for frequent deepening of wells. There is some evidence also that water quality
deterioration occurs locally at the margins of the fresh water bodies associated with
some wadis, as the command area of well-fields presumably induces flow from the
adjacent inter-wadi zones.
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8.2 INLAND/UPSTREAM WADI AREAS

There is significant groundwater use locally along many of the wadis and inland areas

adjacent to tne Tihima plain' Farm sizes in such areas, however, tend to be limited

by topography and absence of suitable soil profiles. Abstraction is almost invariably

"it"ci"O 
by centrifugal pumps as depths to water are minimal' Sorghum remains

dominant within cropping patterns and tends to be used primarily to sustain livestock

which is the major income source' Fruit production in the inland areas is at a

significantly higher level than on the plains.

Mining of groundwater is practised in many of these areas; where aquifer

developmeni is timited by shallow bedrock, well water supplies diminish in dry

seasons but are replenished in the ensuing wet period' The large scale development

of almost 3OO wells in the upper reaches of Wadis Bawhal and Al Qawr have

doubtless contributed to the high rates of water level decline in the areas of

debouchment on the plain as greater proportions of the natural wadi flow are utilised

for upstream profile filling'

There is virtually no agricultural development in the reach of Wadi Harad immediately

east of the Tihama. Here a wide naturally vegetated valley wash plain occurs at the

confluence of the wadis Harad and Ramm. Significant water losses may be occurring

in this area through direct evaporation and evapotranspiration; given appropriate

aquifer geometry, such losses could be reduced by abstraction, making further benefit

potentia-l available with seasonal groundwater transfer to downstream spate irrigated

areas.

Elsewhere, there appears to be limited scope for further development' The existing

water usage and any possible future development will to a large extent be self-

regulating by the finite volume open to mining'

8.3 GROUNDWATER MANAGEMENT

The present degree of groundwater exploitation on the Tihama plain is not

sustainable. Groundwater is being removed from aquifer storage to meet irrigation

demands; with natural discharge probably remaining near historic levels, the annual

aquifer storage deficit is of the order 63 Mcm.

Continued over-exploitation will lead to dewatering of the upper most permeable

strata, local water quality deterioration and ultimately intrusion of saline water in the

west. The rate of water level declines in the east will result in complete aquifer

dewatering of most of the 5-10 km wide strip adiacent to the foothills where shallow

bedrock occurs.

Abstraction on the plain must be reduced significantly if the groundwater resource

is to be protected; such a reduction which must eventually be implemented through

legislation will be of the order of 5Oo/o- Groundwater resource management must be

an int"gral component of catchment water management; consequently, derived

agricultural benefits per unit of water for each water use zone (groundwater, spate,

rainfed) must be oPtimised.
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ln this respect it is evident that modifications must be made to irrigated cropping
patterns with the objective of replacing the areas of sorghum with more lucrative
crops. Such modifications are unlikely to occur naturally in the short term whilst the
demand for low risk grain/fodder crops remains high and marketing conditions for
alternative crops are deficient.

Market forces could be employed to promote a change in groundwater irrigation
cropping patterns if the production of grain/fodder from the traditional rainfed areas
could be increased to a level where local and regional demands could be met solely
from this land use category.

Prospects for conjunctive use of ground and surface waters in the relatively small
spate irrigated areas of the region are limited by poor aquifer development.

8.4 MONITORING

There is currently insufficient data on water resources in the area with which to
meaningfully consider any detailed wadidevelopment option. Measurements of wadi
flows are restricted to intermittent base flows with only one year of spate flows
recorded. Time series of rainfall and groundwater level data are incornplete and
extend over only three years.
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9 RECOMMENDAT N

Water Resources Management
There is a growing awareness and rising tide of informed opinion in Yemen in favour
of integrated water resources management. SSHARDA should support and
participate in such evolution and possibly take a lead in some aspects under the
auspices of the NORADEP Project. The primary issue to be addressed is reduction
in groundwater abstraction. ln the absence of effective legislation, attention should
be focused on:

Research and Development in Traditional Rainfed Areas
The agro-socio-economic aspects of rainfed area development as outlined should be
studied within the proposed rapid rural appraisal (RRA) programme.

lndustrial Development
The prospects/potential for development of agro-industries including dry stockfoods,
vegetable and fruit packaging and processing, and (sesame) oil refineries in the area
should be studied.

Water and Agricultural Management in Wadi Harad
The aquifer potential of the inland/upstream Wadi Harad area should be evaluated
with respect to its possible contribution to a conjunctive use scheme directed at the
downstream spate irrigation area. The adaptability of spate irrigation farmers to crop
change and controlled water use under a possible conjunctive use scheme should be
studied within the proposed RRA programme in the area.

I nstitutional Relationships
Close relationships should be established with the Technical Secretariat of the High
Water Council who are intimately involved in similar water/agricultural management
issues and are currently in the process of formulating water law codes which may
provide the necessary degree of control on abstraction that is demanded in the
northern Tihama.

Water Resource Monitoring
SSHARDA should hold discussions with TDA with respect to continued, and in some
cases expanded, water resource monitoring. Of particular import are groundwater
levels and quality, wadi discharges (base flows and spate) and rainfall.

Expansion of the rain gauge network should be considered. Where doubts exist with
respect to TDA's ability to continue and upgrade this work, SSHARDA should allocate
adequate manpower and equipment resources to take over completely all networks.
Groundwater monitoring points should be surveyed and levelled.

Protection of Potable Water Supplies
The locations of all major potable water utilities for urban domestic use should be
determined and risk assessment undertaken for projected water level declines and/or
water quality deterioration.
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Groundwater lrrigation Efficiencies
Further investigations are required with respect to improvement of groundwater
irrigation efficiencies. The investigations should comprise field studies which could
most readily be executed within the demonstration farm programmes, and review of
systems under trial in Rada'a with regard to applicability in the Tihama environment.
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Table t+ Daity rainfall data of Wash'ha (1989)
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Table 5 Monthly rainfall data of stations Wash'ha, Midi

and At - Khadrah I 1975 I 1986 - 1 989 )
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Table 6 Monthty rainfatt data of Harad At- Kamidah
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Tihama Water Resources; Annex 2: Wadi Discharge Data

ANNEX 2

Wadi Discharge Data

NORADEP YEM\87\015
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Tihama Water Resources; Annex 3: Water Application

ANNEX 3

Water Application

NORADEP YEM\87\O15



Tabte 1 Summary of water apptication
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Tabte 2 Water apptication data of NORADEP Wetl Inventory (1)
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Tabte 3 Water apptication data of NORADEP Welt Inventory (2 )
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Tabte t+ Water apptication data of N0RADEP Wett Inventory (3)
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Tihama Water Resourges; Annex 4: Groundwater Levels

ANNEX 4

Groundwater Level Monitoring Data

NORADEP YEM\87\015



Figure 1 TDA - Monitoring Network

Number of observaf ions from 1988 - 1991
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Table 1 TDA - Monitoring Network

Depths to water in 1988

TIHAMA DEVELOPMENT AUTHORIW - MONITORING NETWORK

DEPTH TO WATER (metres)

Well
Nr

Ref
Nr

1988
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

HAR 5B I lo.o lo./
HAR '24 Z t).1 l>.2 15.2 t4.9
HAR luo 5 4.3 u.7 '4.9 '4.6
HAI( 4t5 4 :z9.9 :z9,6

HAR 475 5
HAR 'at 6 I /.U I /.0
HAR lv 7

HAK 't/t U

HAR zt9 9 2,1.5 zL.6 '21.u

HAR 293 l0 '29.2 z't.l
TIAR ZW u lv,u 19.4 t9,o
HAR 436 t2 26.3 :26. t 29.6 ZU.U

HAR 422 t3 '21.'t 'tt.-l '21.5 2t.4
HAR 393 l4 tz.3 t't.o t2. t l2.u
HAR ZI{I, l, v,t LV.Z lu.J IU.J
HAR )4 lo o.o o.6
TTAY 6U tt 12.6 t2.2 LZ.O lz.7
HAY E9 IE
HAY t5l t9
HAY 25 20
tIAY tl 2L

fIAY ll 'l/
TIAY I -25

ttAY I A
HAts z)5 '25 z'l .5 2t.9
HAI' zt9 26 45.5 36.2 38.5
HAB tot ZI q.o 44.1) 44.O

HAts Z' 'at JO.U J).0 3ts.'t J).4
HAB l9 29, 'v.2 J4. t v.9 35.0
HAB 6I 30 36.3 v.7 5,t.4 JO.0

TTAIJ 6d 3l
QAW - t30 32

QAw - 62 33 57.6 57.0

QAW
-l -vt 14.3 ?A.t 24.-t 'tA.'t

QAW tl 3) 'tt.b 2't.7 2't.5

QAW E3 36

QAW I 3t
QAW 2 JU

QAW f, JY

QAW 4 It{J

QAW ) 4l oz.5 62.5



TIHAMA DEVELOPMENT AUTHORITY - MONITORING NETWORK

Tabte 2

DEPTH TO WATER (metres)

1 983
Well Ref Jan Feb Mar
Nr Nr

TDA - Monitoring Network

Depths to water in 1989

Apr May Jun Jul Aug Sep Oct Nov Dec

HAR 5E I t6.4 16,4 16.4 16.5 t6.2 l6.E 16.4 16.6
HAR 24 2 14.6 t4.E 14.8 l4.E 14.3 t4.9 14.6 14.5
HAR tE6 3 u.6 u.5 u.7 ?4.7 u.7 E,O u.l 2t+.7 u.4 8,3
HAR 473 4
HAR 475 5
HAR. 2/{l 6 26.3 26.6 26.4 26.4 26.5 26.6
HAR tv 7
HAR ?ZL E 24.O u.0 u.4 '24.2 ?4,4 24.5 u.2 23.3
HAR 2t9 9 2t.t 22.3 2L.t 2t.3 21.4 2t.3 2t.3 2t.5
HAR 293 t0 20.4 20.4
HAR 269 ll l9.E 19.9 20.1 20.0 2t.6 22.3 20.9
HAR 436 t2 2E.9 28.9 28.8 zE.7 29.0 29.1 29.t 29.5 29.2 29.3
HAR 422 l3 20.9 2t.3 zt.l 21.7 21.8 2t.o 2l.E u.t 2t.5 2n.4
HAR 393 t4 t3.r 12.9 13. I 13. I 13.3 t3.2 12.8 13.3 t3.2 t 3.6
HAR 400 l5 10.6 10.9 E.9 7.6 I1.4 l l.0 I 1.6 13.4 t2.E tl.2
HAR g l6 6.7 6.7 6.7 6.8 6.7 7.O 6.6 5.E
HAY EO t7 ,2.9 13.9 12.9 t3.5 13.5 t2.9 t3.7
HAY E9 l8
HAY 15l t9
HAY ?5 20, 45.5 45.5 45.5 45.8 45.6 M.7 45.6 45.2 45.6
HAY t7 2t 45.2 4.5 4.2 44.O 4.2 4.3 45.0 45.5 4.4
HAY ll 22 10.7 1t.l I 1.6 t2.o il.6 t2.o E.E E.6
HAY 4 23 ll.1 I t.E I 1.6 t2.o t2.4 12.0 9.6 9.7
HAY 7 24 29.3 29.7 29.4 29.5 29.6 29.6 29.7 29.7 29.E
HAB 225 25 28.0 2E. I 2E.7 n.6 27.E 27.E 27.E 27.3 27.9 2E.0
HAB 2t9 26 3E.7 3E.7 38.6 4.9 4.9 45.2 3E.E
HAB tg7 n 47.1 47.7 47.8
HAB 23 2A 35.8 37.7 32.5 v.2 34.8 35.7 v.2 v.3 34. I v.t
HAB l9 29 34.0 35.2 y.5 37.2 37.3 31.3
HAB 6t 30 36.4 36.2 36.7 x.7 36.9 36.E 36.6 37.5 38. r 3E. I
HAB E8 3l
IAW - l3O t2

QAW - 82 33 57.6 57.3 5'1.7 55.7 57.7 57.7 57.7 57.7 57.8 57.E
QAW- 7 v u.2 24.3 24.3 u.4 u.5 u.5 u.5 u.6 u.8 24.9
tAW - ll 35 27.1 27.E 27.8 28.8 2E. I 28. I 28.8 2E.3 2E.3

QAW - 36 62.E 62.E 62.E 62.8 62.9 63.9 63.0 63.9 63.0
QAW- I 37 20.7 19.6 t9.7 21.9 2t.7 20.E 19.3

38 43.9 40.3 39.5 39.9 39.7 39.6 39.E
AW 3 39 60.5

4 fi.7 50.4 50.4 50.3 50.4 50.4 50.3 50.4 50.6 51.0
QAW- 5 4t 33.0 33.0 32.0 33.0 32.0 32..9 32.9 30.6 36.6 32.0



Tabte 4 TDA -Monitoring Network

Depth to water in 1991

TIHAMA DEVELOPMENT AUTHORITY - MONITORING NETWORK

DEPTH TO WATER (metres)

Well
Nr

1 991

Ref Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Nr

HAR 5E I I1.4 lv.9 t t.'2
HAR 74 2 l4.o t4.v
ItAR lEo 3 25.8 '/),I
tIAI( 4't3 4
flA}( 4t) 5 5). t 30.'l 30.7 J2.4
HAR 2,41 o
HAR tv I
HAR U 'a.l .A,U u.3
trAX ztv I u,2 22.2 'L,t.) 23.t)
HAR 293 l0
ITAK zw tl 2Z,J 22.4 24.U
ITAR 4JO 12 3',1.1)

TIAI( 4'f,). t3 '23.2 23.3 20. I :l3.5
l4 t4.6 I4.5 t1. t l).u
l) 12.9 t2.2 t2.3 IJ.U
IO t.t o.9 'l.t
ll t4.l 14.u 15.6
IU 33.4
t9

HAY 25 2t) 4J.U 40.5 41 .l 4 t.z
TIAY t't 2l 44.5 14,4 44.4 44.5
HAY II -12 I 1.3 I l.o n.4
IIAY 4 23 lu.v I I.4 1 1.3 tz.,.A 2.8.5 J0.5

't5

ZO 36.2 39.t) 5).v
2l
'ln J).0 t).4 36.4 36.3
'19 36.9 3t.g 3l .l Jl.2
JU fo.3
JI
52
55 )u.5 )U, J 57.8v ',t).t 't). t 25.8 ',/5.9

35 29.2 z9.t) 29.O 29.U
JO OJ.U b3.2 61_2

5.t 25. I 25.0 25.4
QAW z 3E 43.9 44.U 43.9

5' o0.u UJ.U u).7
4{) 5U.5 5U.5 50.7

QA\Y ) 4t 33.0 33. I JJ.U



Tihama Water Resources; Annex 5: GW Level & Ouality Changes

ANNEX 5

Groundwater Level and Ouality Changes
(TBWRS 1g8s-NORADEP 1991 I

NORADEP YEM\87\015
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Tabte 1 [omparison of TBWRS ( 1985 ) and N0RADEP(1991)
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Tabte 2 [omparison of TBWRS (1 985 ) and N0RADEP ( 1991 )

data in the wadi Bawhal ,/ At Oawr area
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TABLE 1. TIHAI.iA DEVELOPTIENT AUrHORITY - I{ONfTORING I{ETWORK
cROtNDYATER ELECTRICAL CONDUCTTVITY (nS/cn) 1988
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TABLE 2. TIEAI.{A DEVELOPI.{ENT AUTHORITY - MONITORTNG NETWORK

GR0LTNDWATER ELECTRTCAL CONDUCTMTY (rS/cn) 1989
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TABLE 3. TIHAI.{A DEVELOPT,TENT AUTHORITY - MONTTORING NETWORK

GR0ITNDWATER ELECTRICAL CONDUCTMTY (nS/cn) 1990
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TABLE 4. TIHAHA DEVELOPMENT AUTHORITY - T'TONITORING NETWORK

GROUND$ATER ELECTRICAL CONDUCTTVITY (aS/cur) 1991
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Tihama Water Resources; Annex 7: Aquifer Tests

Step-Drawdown Test,
Figure 1
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Tihama Water Resources; Annex 7: Aquifer Tests

Step-

Figure 2

Drawdown Test, Testwell STEP TEST2
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Tihama Water Resources; Annex 7: Aquifer Tests

Figure 3
Pumping Test Results , Testwell LONG
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Tihama Water Resources; Annex 7: Aquifer Tests

0

Figure 4
Pumping Test Results , Testwell LONG
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Step-Drawdown Test,
Figure 5
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Step-Drawdown Test,
Figure 6
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Figure 10
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Figure 13

Pumping Test Results , Testwell LONG 2
-.5

1

1.9

..'
: :Constant Discharge Test
ii.
, t, Becovery

i : Test wett LoNG 2
iii
j ;Disctrarge 21 Vs-

: ,Casing Dia. 150 mm

r rDate 25l1ll9}

:,
1,,

: r: Radial Distances

UU u [:
.3

7

1.1

51

t

U)oL-

o
E
C
3oE
3(6
Lo

168

16A

16C

16D
1A

*

5m

10m

25m

'.i:t *

2.3

10001 1 0000

NORADEP

10

time/time'

100

13 YEM\87\015



Tihama Water Resources; Annex 7: Aquifer Tests

-;TEtr' Ttr-'= T DATA -SH[:ET
TimE-Drai.ldat',rr.l [ata

Frc'jE::t l'lsme
Ts:ert Lsceitic,n
Date r:f -l-e=t

Tlme Sterted

FAGE 1 fiF 1

STEF, TEST 1

7b/ t1/?t-!
fir'-i.d Flef

E1ap=ed I SteP t'lc, 1

Ll =|er
Leve 1

(m.b.ref)

lDrar.rdn
I
I

i im)

lDrsi+dn
I

i tm)

Dr-ar.rdrr

{m)

iStep 4 i
t'l
tl

i Drewdn I

tl
tl

i {m) i

Dr-ar-idn

(m)

EStep

Tinre

{ rrins )

(1/s) I 1:.r) I 18,5 i ?q-(-t I (j.{:! l-| f-l I
I Dlsrharge

{j, (:} !

1.rll
? ar!

f,.()i
-A all

5. {:} I

6.()i
g.rLi

1{1 . {! !

l-r r'r!

tE, fi!

=,i\ 
,-l I

J{-}, {:r i

;15. (:! I

4i:,. {:r i

45.+i
Ei.l ,-l I

EE it

6(:!. ()

14.94
17.b7
t7 7ir

1-7 '78,

77.74
I -7 '7q

L7 ,8"
L., . cr-l

77.9-d
I -7 clir

L7.?L
17.71
t7.gt
1-7 ql

11 t:r 1

L7.SL
t? rJt
t-7 Q1

i-) i-l f-l

-.t LQ.
r_, aL

-t l:! 1

r . af,.l

i. on

1 q-7
_-, c:_7

-., q,.7

I E:, A,A

':,i.\ tr{i.}

':'ar Q::

jl-l .7cl

-ral Q.q

'.1i- r ci a

?i.| 9.\
1ii Ctn

.ir-r. 7cl
-rit C'r

--.ir Qil

_rr I li I

-1i-) E I

-ti_r Ei-)

-ril lii l

r L_r . c'.-.'

?r-t triii

j r_, r .;r r_.,

jr_r . c'.-.'
?i-r tr{i)

YEM\87\O1s 14 NORADEP



Tihama Water Resources; Annex 7: Aquifer Tests

CTtrF, TtrsT T}ATA-SHtrtrT
T i me.-t,r-*,iJdtri.i-r D* ta

F rs j ec t I'iar,.re
Tegt Locatic,ri
Date of Te=t
Time Started

FAGE 1 OF 1

sTEF, TEST :,

'7t-t / 1 1 /Qi\
Grid R*f

iElap=ed i Step l.Ja 1 lStep ?
ii----------i
I Time i tJater lDrar.rdn iDrar.;dn
ilLevelii
i(m1n=) l(m.b.ref) I (r,) i (m)

lSte*p I
I
I

lDr.rviCn
I
I

i (m)

lStep .4 i

II
,l

iDrar^;Cn I
,ttt

i (tn) i

Dr.arrrdn

(m)

EStep

iDigcharge tli--.1 I 11.:, I 1ts.{:} i :?,(:) i t:}.{:i i (j.(:r i

al r-l !

I J-ll

.-i.1-l;

4.iti

A i\l

8.(' i

1{).1:r i

1". {:} I

t E, ril

-Jl-l il I

!E, J-r !

dr-r r-i !

4i. {:) i

E,t-l (_l

E, E, r_l

6r:!, (:i

1 -7 'ii\

1 7 , lli:)
1? Af.!

1 '7 AE,

1 -7 A'7

17.48
1 -7 riar

1'7 E,al

1-7 E,T

1'7 E,?

1'7 E,:

1 -: c,1

17 E-l

1-7 e,-.,

1 -7 E,'..,

I E, f-tA (-l f-|i-l
n-! la

-t A1

? nr1
':! A{r
r aE.

-.! tf '7

-.' a/-

=44
ALL

-i .1A

t.+b

1A AA

1A El.I

1ir Ln
?i-l LQ
'-.';\ Lq

7t.-t , b9
-Jil A-4

--,ir Le
1't-\ Aq
'?{-r AQ
'l,-r Ae
--t.) Aq
?r-r iQ

-jt-r Lli
-li-r 7Q

:.ir ti r'r

-'.-.' , a: -1.

i_4_r. c.j'

:ti\ QB

'il-) Q-d.

'li-l Cla

'fil tr{c.

Jr_!, ts{$

i r-r . (f' Lt

--,ir E{ E,

NORADEP 15 YEM\87\01.5



Tihama Water Resources; Annex 7: Aquifer Tests

FAGE 1 OF 1
E_T.E t_TEs I__DEfE:s H E E-I"

T inre-Dr*wdst';-; La ti

Project lleme
Tes+- Lc:catic,n
Date c,f TeEt
Time Sterted

STEF TEST f,

3i !7/-'/,.-)
EriC Ref

i Elap=ed i Step I'le 1 -^+ dr, --l

Ll r at+dn

(m)

iDretrdn

(m)

i Step 4
t'
I

iDrai+dn

iSts'P 5' i
t,
tl

iDr-ar+dn i
,llr

I (n) i

'if,LEH
r,tl

i Tin,e I l'Jeter iDr-ar+dn
I i Level I

i(nrins) i(m.t',ref) I (m) (m)

5.8 i 14.5 i {:r.il i t:!.(:} {).0
I Discharge i1 I sJ i

a. r-r !

-I ar!

(1.{)l
1.{'i

4.()i
:,, () I

6.()l
6.r)i

1{:i. (:} i

._r Lr ' cl 1-r

-i7 alal
7-7 -r: ar

-1,'7 AA
-1.-7 E,A

f,7.6f,
-t-t -7'1.

:,7.7b
-l'7 ra1

-i. t- nL

.:,/.rf-l
f7.8t
'a -7 A.\

a7.e7
f,7, 85
=1 DL

37.45
37. Etr

1"1.f.)l
tE, al!
?a) f) |

_fE, f-i !

-lir ar i

aii fl !

4:,. () I

5{:}. {:! i
EC ,'rl

6(!.rii

ir , (i(:)
-r i't-7

i. Ci
'1 1-7

.-\./).

.1,. C'l

4. {:}i:r

4. (:!f,

^d. irE

4.11
.0. t!

.d 14

4. 1f,

4. lf
a f -i

4. 1f,
11 . f,(:!
11.4:
i? 4?

1 :! Q-7

l-r.77

1fi . {:! 1

L.:'. L /

l-J'. ol

YEM\87\O15 16 NORADEP



Tihama Water Resources; Annex 7: Aquifer Tests

Fa:IiE 1 fitr 1STEF' TEST DATA_sHEET
T i me-Drai'rd.li'trr De ta

F roj ec t l.lanrs
Te=t Location
Date of Te=t
Time Sterted

STEP TEST 4

=, 
!' L" / gt-l

Grid F:e,f

E 1 ap=ed

Time

i Step I'Jc, 1 lSteP ::

i------------------i
I blater iDrar'rCn !Draurdn
I Ler,,el I i

i (n.b,ref) i (m) I (m)

iStep, I i
tl
tl

iDrar+Cn i
tl
tl

i (m) i

Drai.rdn

(nr)

Drar,rdn

(m)

Step 4 Step

( min= )

i Discharoe lt/=J I ?,5 I 7-f, I 11-{) i (}.{:r 0.{j I

(-r f-l I

1 .01
--, ,.r !

f;. rl i

4,{ii
5.(ri
5.t)i
E, {:} i

I i-r r-r I

t:,a)l
1e, ar!
-Jil ar I

.15. (:! i

,.al ,.) i

45,{ii
E t-l t-l !

6{i . r:}

f,4, ?0

Jt . 'rCl
an AE,

34,74

::a q?,
-lE, l at

,_1 Lr.l Lr

.j. -' . .1 i:l

'J-r, C)i:

L\ Lr r cr 1_/

t). {J{:}
t-t /lc,

{:r,6(:!
r:r,8f
.-t (Jl-l

t-r,9?
1 t-r'7

1. 18

1.f,B
l aa:

-L . -rci
1 1-7

l.'r-f

-.J f t-.1

a r-l?
-f ft-J

t.a7
A arE,

. (:r5

.64

a-L

--!

11,

4
4
c

E

E

E

E

E

E

E

E

&
b
6
6
t)
6
6

aq
,-)'-j

t'rQ

I i-l

. l- 1_l

tir
. rt_!

Cl, It-l
Q Qfl

O rir-r

a q"i

1{j. {:!cr

l(-r f i

-L-L.O-l

11.81
1 I -Jar

i? 1E

1! . 4:,

1:j . ,54

17.74
I --, Cii-)

NORADEP 17 YEM\87\015



Tihama Water Resources; Annex 7: Aquifer Tests

sTEP TEST DA iH-*a FET
T ime- Dra'r;dc,i',;- f)e t*

Frcr_i ec t l.j_=.nre

Test Lscation
Date of Te=t
Tirrre StarteC

FAGE 1 OF 1

STEP TEST 5

B/ L7i?i-l
Grid F:ef

i E l apsed i SteP l'14 1

Tinre I t'Jater lDrar'ldn lDr-ar+Cn
I Le'.'el i I

(nring) i(m,b'ref) i tm) i (m)

i SteP ",
I

?
r .f LgP ;'
I
I

iDrar.rdn
t
I

i tm)

I Step 4 lStep 5 i

tl
rl

iDrai.rdn i
tl
tl

I (m) i

Drai.rdn

{m)

! Disc harge (. I i =.)
i f,.r:r i 5.t:t i 1(j-l' i cr,(:r I {:}.ti i

{:r.0 i

! {-r!
-.t fr I

f,.rii
4. t-r I

E, {'r I

A irl

B,()l
1{} . (:! I

13. t_r I

tq ,-r!

-li) ,-t I

?c, (-t !

3(r. il i

7E, J-l I

a(-| ai I

4:,. (:! 
!

E,E, il I

6r:1 . (:! I

a'l 1C!

=,4 
. L7

f,4.64
f,5 . (,:
f,:' . 11

f,:,, f,8
=.c, A-7

1,5. crt-i
-:l E! 7 at

f,5.7i)

=c, 
-74

-ac, '7 B.

-=.:,. 74
-l E. tl;-l

.-\-t. of

(-r f-lf-l

r).:?
r-t trtA

-L . -,7
taA

1 .5i!
L.b-7
I '7L

l" .7r
1Q?
I ai!

1.9c,
1 TJL

1.9:,
1AL.
? fr?

:. {}f,

4. {:r{:}

:,. f,8

6. ff,

L -74

L C)A

b.ss
1 t-\r1

7.'?7

7 .='4

7.34
1 '\n

-f :r,, 7B
1A.l

T ':':i
T E,'7

a -,''l

a.7'r
*-'r,,7f,
f,.7f,
'1 '74

i.77

_?..87

-1. Q {t

=c?
4 i-ii-)

4. r:!(:l

YEM\87\O15 18 NORADEP



@
Time-Di"atrdsi"rn D*ta

Frc,j ec t l.lanre
Te=t Locatign
Date of TeEt
Tinre Started

Tihama Water Resources; Annex 7: Aquifer Tests

FA6E 1 OF

Gr-id Flef

1

STEF TEST 5

?4/ 1L/9al

! EIap=ed

Tirne

Step I.!'; 1 i Step 3
I
I

lDratrdrr

i Step 4
ta.

iDrar.rdn
I
I

i in,)

lStep: 5
I

iDraurdn
I

! (rr)

-JStep

( nrins )

[,]ster
Leve 1

(m.b.ref)

iDrar+dn
t
I

i tm)

Drai+dn

(m) r t lli ,,

I Dlscharge ll /=) s. f, i 24. 5 i f,6.5 I (:I. rj I r:!, (:) i

l'l ,-I I

1.r:)i
-., J-l I

-i r-l I

4. (:r i

6.('1
E.(il

1r:). (j i

1".0 i

13.(:ri
?r-r a) I

?E, i-r I

:Iil f-r I

a'-) ,-l !

45. (:t I

5r:I . (:) i

EEi ar I

6(:!. t)

f,4.11

a-f| t A

ad. ?:r
-{l' ?a

.:r+. J;'.iA 1L

=,4.:,7

'a.a '--'-7

'l4 'r'7

,_t J-tl-)

(), f,6
L' . ,-1(f

'I 
AA

j'r Atrt

,-r 4.F

C}. 4E
t-t,4'
,_) E,r-I

f-l EI

il E?

,-) E?

ar E,A

f_l E?

fr G,--,

l.l E,?

1 fr'l

:l r.}E

-i ?ir

T ll
'a L-t
'a L1
-i 7r-l

-t 7ir
d. qar

E i-raI

'r.11
E_ ti

E, -.'i!

E, Ai}

NORADEP 19 YEM\87\O15



Tihama Water Resources; Annex 7: Aquifer Tests

STEF, TES T DATA-sHEET
Time-Dratidc',rrn Data

F ro-i ec t l,lanre :
Test Locaticrn i
Date t:f Te=t I
Tinre Star-ted :

F.AGE 1 OF 1

5TEF TEST 7

"? 
/ LL /9i-t

Grid Ref

i E I apsed

Tinrs

Step f.lo I i Step r i Step 4 i Step 5

iDr-apldn
I
I

i (n,)

I Step 3
I

iDrar.rdn
I
I

i (m)

iDr-ai.rdn
I
t

i (m)

flr'.ar^ldn

(m)( nrins )

Nater i

Leve} i

(m.b.ref) i

Drar^rdn

im)

(l/--) | 4.8 I ?2-5 i 56,5 (j . (:r I r). (:r
I Di=charge

t-r.tii
1.()i

;l.r)i
4. (:r I

5. {:) i

6.t,i
E.tli

l{:}.{ji
1". il i

15.t:)i
':.,i-l t-r !

-iir r'l !

Ai) r-r !

45. (:) i

E,f-l ar !

qE r') I

6t:r. (:)

a= ac,

f,4, f,9
-i,6. /3.?,

14 Aa
34.45
34 .47
f4.4?

-{-a E,ir

(:) . (:)i:)
(-l 4. 1

(i. -='1

EE

(-l EE

t't =,7
(r. :,9
().61
{:t.5f,
{1. 65
r-r,65
al A:I
r'r A-L

t_). bJ
al L?
{\ A-.'
i\ Aal

it .6-j
t--t.b?

(r.6?
? 4.r-r

? Aa!

1'7'7
i . clil

T .-\,f

= 
F.tL

J,.'j+l
f,.4f,
f,.4:,

r+.Hi
4.q4
5. (:)6

E, ?il

E, -i r-l

E E-

:,.61

= L-7

-r.cf7
E. 7i-I

YEM\87\O15 20 NORADEP



AOUIFEF: TEST DATA_5HEET
T im*-Drar.rdgi.rn Data

Tihama Water Resources; Annex 7: Aquifer Tests

PAGE 1 OF .,-

Frc'ject I'lanre
Te=t Locatic,n
Date of Te=t
Tinre StarteC

LOt'lG

7b/ LL/9i-,
E;rid F:ef :

Plt , fr1=c lia rge : 1-A c, 1/e

i E l apsed i Prsduic tic,n tJe 1 1

ii
I Tinre i Wster lDrar.rdn
i i Level i

I (mine) i (m.b,ref) i {m)

Fei= 1

Drar+dn

(m)

Fei= ?

Ftr=r.rdr,

(m)

I F'ei: f,
I

lDravrdn
I
I

i (m)

iF'ei= 4
I
I

lDrauidr:

! (ni)

c!. c) i

1.{)!
2.(!i
f,.rll
4.iii
E r-!t

6.rii
()ri-rr

1{:). {:} I

12.{:tl
15,(ii
--.,1-l f-r I

.j,1-) . {-) i

4.i-r r-l !

AE, ar !

5i:). {:} i

/lr.\_ti
8i:t, i) I

qar ar !

I r-ral i-r I

1 1r:!. (:r i

t '?a) ('r I

1 Af.r r-| |

1o(l . {l i

1Bi:i , (:) !

:1t:I . {} I

'-f Ai.i a! I

':r?a| ri I

'T-Tir J-t !

f,5r:r. {l i

TtSi.r fl !

4--rq-r. t:, i

45ii. C, I

48i:t. {) i

51(:r.C} i

54r1. C) i

57{}. (i I

6t}11. c) i

6litr.{) i

66(). () i

(). ili) i

4. (,i:! i

4. 5t:! i

4.7t-) i

4. E1:! i

4.84 r

4.85 i

4.47 i

4.8? i

4.9it i

A A*., I

4.9f, i

AAA I

4,?7, i

4.?b i

4.57 i

4.i7 I

4.ga i

q fiE, I

5. (|B i

a1L!
E ?E I

C AA I

E EI I

c tc I
-l.c-l I

-l . Ci-.' I

Enct
,l .E-l r

E Cfir I

-r, 7(f I

6.Q7 i

6, 1r1 |

6.19 I

6.3C) i

o.j:J r

6.:f, i

6.74 i

6..i-r t

b.-4t+ i

alr-l

L.t^
L'a

. o,l
L-

L.n

,7ir

.78

EI

trl1:.

.a4
,BE
.CO

rii-l

qA

fli

ILI

IIA

l.rA
t-rEi

(1?
11

t E, J,lil I

1?, {!t:) I

19. -''{:t :

L? .7i\ i

la fifl I

19.84 i

{ rr -E I
-t 7,oLr I

1?. aE, i
ar, n-/ I
L-f .C)/ t

L-J .A? I

t?.9i-t i

LS .9? i
I

. -t n-a Il- ?. 7'J
4F, -,C I

a -, n,t I
-L?.7= t

<ri -,1 I

1.?,57 i

I

. -, -.1 I
J.-f .'77 I

'lit (l', :

a.'. /-tE I
iL' . !-' Er I

!(:). ()B i

-1t:\ I A I

?J.| -Jfr I

Il-r. i:C-1 r

F,,-. 
- E l

;Lr. slLr i

3r-r.44 i
eA Ijr_, r Lrt I

tE t

2,.-r.7-a i
?iI 7d I

ni-) llil I

--,ar trl E, I

:{:r, qi) !

'?ir (fA !

i1.t)i i

"1.1{} i
1r, t

il-,17 I

etftl

.d. J. . i]r-' I
Ft- I

t t ,a-:i I
LL . L'-t I

4n I
4J.. j:'+ r

-E.1 L . i-l t
ett I

J-)

r:)

t_)

r:)

tl:
(_)

{:!

t_)

Cl

(!
t-)

t)
{:)

l')

t--!

r-t

{--)

()
{:}

r:)

t-!

l'l

1
1
1
I

1
1
1

I
1
t.

.L

1
1

1
1
1
t

1
1
1
1

1E,

11
1-7

. J-(]

?i-|
?t

'T
']L
1A

(_l (-tt_l

i-r l-r7

{:i.11
j-r 1a
r-r 1A
(i . 1:,
r!. 15
ri. 16
r-r 1 t1

ar 'f i-l

r-r ?1

t-\ -.'E,

rj, ?o

i\ atq

ii -i al

{._l . .:r 
"L

(!, f,f,

il -ih

r). f,8
J-r .4, 1

fr 11t

{t .4-!

,.\ AA
.'\ L-7
t'\ Ln
r'l .d.l)

il. 51
J-r E, ?

t-t E,E,

(). 56
t-t.37
tt.?,7
{r. 57
(r. 57
J-l c,7

Lr.a7
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Tihama Water Resources; Annex 7: Aquifer Tests

r+t]u IFER T ECT N3,T A-5H ET

T i nre-Drar';.JEi^;n Ds tr.
F,AGE :: OF ?

Frs-i ec t l']*nre :
Test Locatisn :

Date rlf Te=t !

Time Startei :

LOr.lE

t6l tL /g{l
Gr"id ?l-tnEt

D1=.charqe: 14.5 l/=

i E l apsed i F rodutc ticrn tiJe I I iF'ei: 1
,
I

Tinre i Water iDrar'rdn lDrar'rdn
I Ler"el I I

(ming) i(m.b-ref) i (m) I (m)

iFei= 7 iFel: f, iFei= 4

Drar+dn

(m)

iDrai.tdt-r
I
I

i (rni

lftrar,rCn
I
I

I (m)

i 690. tr i

i 77{-t .1, i

i 7A.).Cti
i 84(:r, (:l i

i gil{:}. {:} i

i 96{:). (:t I

i 1(tIi:t. {) i

i 1(ja(:) , (l i

I 114(:). 0 i

I 1?(iil , {} I

i 1:-'6il , () I

I 1:i"0, {:' I

l fiE(-, . () I

144{:) . tl I

1:,6ii , (:i i

158i), {:r i

lE(jr:r . r:r I

t E?ir (1 |

:i:)4t} . {:) i

?1611 . {:} !

??8i:!. rl I

?40r). t! I

?64{1 . (:r i

"88(:!. 
(t i

517i-i. r) i

136r:!. (:! I

36{:}(}. C! i

:i7:{j, (j i

'-/1.-.'4
n t '2e,

?L.-.'6
21 . "cl
?1.77
-1 1q

"1.f,!
7L ,4t-t
--r.1 . 41
11 . r't-l

i -L , -r.-\
77 .61-\
-ri .64
.'1 1A

':, I q.F;

ra . El/

"1.8E-i I A':l
rr t Qr'r

'f-r r.lll

!r, ?fi

....,..' {|::
-!-| l't.l

b.:r4

L1A
L1A
L ='7
L 1-7

6, f,:
cf. -1-J
L 1li|

6.41
tl. t-l
L AE',

o. -r.-,
6,6i-)
b.bB
b.7b
6, Bf,
b.as
b.e7
LRN

b.B1
A QiI
-7 t'r1

-1 .rat
'7 {t-.'

.l , .J..-r

1 .., e,

l- ..:-r

1.-.'b
I "7-7

-t . f,ij
l" . -1-L
{ aT':

-L ..-,i

1,f,f,
t -T-T

-I- . .-1(:r

1 -i7

_L ,._'c]

1 'a-7

1 -r'7

I 'ii -7

l-. -\7
1 .4rt
1 .4f,
! 4-:

1 .43
L .4:,

J-r =7
{1. 57
(,. 58

r-r Ll-)

u.61
{-} A?
r-t .A?

(),6"
{t A-1.

{!.54
ir AA
i\ Aa
ti.5f,
t-t. t:6

L1

.b/

.b7
LO

t-!

,-t

t_I

{}
f)

Cr

r!

(r
()

L'

c(f
Lt)

7r-I

.7L
11

.71
-7 1

YEM\87\O1s 22 NORADEP



AE1UIFEFi TEST DATA-SHEET
F:ecovery DatE

Tihama Water Resources; Annex 7: Aquifer Tests
FAGE 1 OF .:J

F'rc,ject l'lsr,.re
Test Locatisn
Date af Test
Tinre Sterted

LOt'rE

1A/11/Qi\
Grid Ref !

F:rv, Di.scharqe: 4 A E T J-
t-.t, -r t / 

=.

i E l apsed Tinre, I

l_:-- 
- 

t-J--- Ir:rl-tlLe r =-LllLE r

I purr',rp=top i purmp=trt I

i(nrin=) l(mjns) i

li t' i F'rod. tJe1 l i F'ei: 1
iFle=.idura 1 i Drai+dn
lDrai.idor-rn !

i (nr) I (m)

iF'eir !
lDrai.rdn
I
I

I (m)

I r,- i 
- =r f El r !t

lDrar+dn
l'

i (nr)

iFei: 4 i

lDrar+dn I

tllr

i (m) i

J,r
1

f,.
A
c

b,
D

1(:),
-Lr.
{E

.:,1_1.

ac.
E.-r

EE

6{:r.
-1 ('\

c1 t_, .
Qfl

1 (-lir

11t:r.
I alar

1 Aal

15{:) .
L6'._t.

?tr-l

-J.Ai)

'1-7 i\
:I r-l aI
-T T r-\

f,cltl ,
?rlat

45i:i.
48(:1 .
E,.d.il

6(:){}.
66r:t.
1'Jfr

84Lt.
96{}.

1(18{1.

-i7? t r-l

a.-7 -.'--r fr
a7 ?:: fr

T?-E.-rlrisr.L,
'a-7 ":'L t-\
-r.-7.]n f\
-i7-{r-} ai
:I7T? 

'I
._\ // ._r Et r l_,r

-i7.aat r'r

._\ ,, t Lt . r_,

:I7 c, al 11

-r7E,E r|

't-7 LE, i\

T77il ar

a7a= i\
-l'711r-I r'l

alrfr'lr-l r-r

:IA 1 ,.l ir
T1l':;'ir r-t

38f,{_r, (l
-iEL-r (.l

SBili-t , tj
a?alr-r ,'l

ar.l?ar i-r

4i)5t:1 . t:)

.aalrla! ,-l

At lil l.r

414{:) . {:}

.a17i) ar

A.?irir fr
.d,?Lar r'l
A'r.-.'r:r (t

4f,8{). (r
44411. C)

4560. (l
468(1 , r)
4Ai:){). (:}

i 185i:!.
i 1"4r:!,

.7 AL

6?t:).
46=,.

llr'r

24A.
186,

11:)6.
Q?

67.

4b.
A1
:i -7

Sf,.

'f ,l^

17.

t:l

1".
11.
1Cr ,

{}
C)

l_t

It

t)

t_l

r:!

(-l

(:)

{:}

t)
r:)

L'
(:!

f-)

i:)

{:r

f-)

f-l

r)
(:)

L!

t-l

{:}

o
C)

i)
t-t

1l
-

{-}

t)

,:,

(-t

()
(:)

(t
11

()
(,
,'l

(!

1

{}
{)
tj
r:!

l-l

t-l

,-l

{t
t_!

l)

a:,

()
,-)

(j
r-l

r:)

t_i

t-)

t-t

f-l

l-l

f_l

{}
,_r

r_t

(:)

l-l

t-l

{)
fl

{l
(!
tj
(t
rj

tt
:
t)
fI

()

{)
(,
{t

(j
(!
(-l

,-l

J-l

r:)

a-l

,-l

(:!

,-!

(:!

a
(-l

._1

t-)

7
+
b
,-l

I
E

f,

a
tj
6

7
7
E,

o
4
._t

3
E

a

f,
a
a
.?

6
T
4
q

4

. .-\O
9r)

.45

.85

al

-74

.58

.bb

.a_t
At'l

Er.

ET

E,al

t-(l
.46
.4:,

4-J
At-r

. .-1 (f

,_r j-

;: -f

l(]

,ft

?ir

.LS

.18
,16
.L4
. Lr:

.1{:}

. tl8

1 . r:r1
{t .87
C},81
a-\'7q
t'r '7'7

fr '7 e,

{r -7 -j
t, ,l I

(-t AQ

{). 5{l

{-). 54
,-l E,:l

t-i e.-

f i E, 1

t-l E aI

i\ B,n

t'r AA
i\ AE,

r-r .d'?

al 111

r_r . ._1cr

ir TE

(:), f,l
l-I :If-)

C). ?8

t'r --'A

,i '1 'r
,-) ?i-l

tt. 1a
{:). 18
().16
L).14
{}. 1f,
,-l 11

J-I (-rO

r-l J'17

C). {,5
f-r (-r E

(). {}f,

JLI

ql

E.
7

b-
6.
E

E

4.

1

it.67
(:).6:
ri At
a) Ar-r

r-r Eie

r-t Eff

r:!. :,t
6. ()E

(). :,4

l-l E?

J-r E,,-!

il .Atr{

(-r A-7

l-r 11 {,

t-I A ii

r-r .d, li

t-t /l-'

r'! A!

,-) i, r-i

(:1 . fB
l-r :I7

6. (:rB

i-| -i I

(:1 . !E
{:!. ?:,
(.l ?a

t-t -..'E-

,-t -.,f-1

{:). 18
Ct, 18
{t, Lb
J-l t E,

,-l 1A

c).15
c).11
{r . {:}g
(:). CIB

6.08
t-r 11 E,

1

1

1
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Tihama Water Resources; Annex 7: Aquifer Tests

AOU I FEF: TE5T [:,ATA
Fiecc'ver-y Deta

Froj est Nanre :
Te=t Locati--.rn !
Date sf Teet :

Tirne Started :

FA':iE ? OF 7

L0l'lG

16/ LL/gt-t
Grid Flef

Av. Di=charqe: 14.5 ll=

i E l apsed Tinre I

I gince i gince I

i pltnrpstoP i PurmP=trt i

i(nrin=) l(nrins) i

l./ I i Prsd . t'le I 1

I Residute. I
iDrat'idot'rn
i {m)

iFe1= 1

iDrar+drr
I
I

i (m)

r-r i-la
{:}. {:)3
{:r. (t:

1l{:}{}. {:}

1I;_-r(). c!

144(:r. ()

49Zt-r.t-!
51:14f-t. C)

316{:}. {:}

.-1.r
14,
1A

,-l

t-l

r:)

i-t7
AA
(:r5

iF'ei: ? iFeiz f,
lDravrdn iDrar+dn
ll
,l

i (m) i {rr)

r-l t-)q

t), {:)f;
l-r f-t-i

iFei= 4 i

iDrar+dn I

ll
ll

i (m) i
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TE IH

T i rre-Dral'ldc'i'Jn

F roj ec t lianre :
Test Locatisn :

Date of TeEt !
Time Started :

Tihama Water Resources; Anpq,{5Aau{er Tgps T

Gr-1d F:ef :

Av. Di=charge: 7 l/'-'

LOt'.15 I

6/ L" / qt.-l

i Elapsed i F'rc,dutctic'n t{e11 iFer: 1

t------------------i
i tJ*.ter lDrai.idn I f)rat'ldn
i Level i !

i (m. b, ref ) i (m) I (m)

I F'e1= --r I F e'1= :.
rl
ll

iDrar,rdn iDrattdn
t,
tl

i (m) I (m)

iFei: 4

Ti"me lDraurdrt
l'
I

I (m)
( mine )

(). {l i

1.{:)l
? frl

.-r . l-, i

4.0 i

5, t:! i

a.C't i

g. r-r !

1(:t . a) I

t--, ar!

iii.0 i

7i'l fr I

:IE, f} I

,ai) r-) |

45.0 i

f,i-t . tj I

ait ,'| !

7(:). r:! I

gi:'. (:! I

9il . (:t i

10{:t . (! I

1 1t_i . t-i i

, -/ai ar I

14t-r. ri i

1611 . (l I

18i:). (:i !

lli) arl

"4i:). 
(:) i

'f '7ir fl I

-{irl.r ar I

f,i{:r. {:! i

f.4r{:t, {:) i

f,?i:).{) i

4!(:t. t:! i

4:'{j. r:, i

48i), r) i

510, t) I

54il. r) i

57(). cr I

5(:x:1 . () I

6f,t). C) I

65t).{} i

f,s. f,5
ZE qar
-{ r- ?al

f,a,6i1
.-\b , C.:,

f,b.6i
a6,67
36.7{:t
rb . /.i

-{A ql

A L (f:T

=.L, AA

f,6 . 1'j
1,7. Bl
a= r-)r't

f,8. C!t
1= q-7

5E, r-!t:!

-='8 . {t5
7,A.Lt7
38.15
f,8.31)
-16.4-r

f,8. f,{)
f,E.4r:)
._16 I Lr Lr

-a-)'-'A

f,q. f,ij
f,?. f,8
f,?.4{j
'TA 41

f,g.4f,

aD -.!a
-{a ?al
-i-J ?ri
-iQ -Jfl

{:}. {ii)
1 .61
2 . 1-''
'1 /1e,
,1 Ar,

l , c^13

-., q:'

T al,=

1 '7 r-,

4.l.-t?

a "1-7

a 1-.,

4. f,{:)
AA?
4.4t-\
4 .4i
A E,'}

4.6:'
^ 

Cial
E. Eti-\

E EL

E lit-r

E, aal
E. E,I

E CC

:,, 6f,
-t . cJ .-l

:,, 66
5.64
EE?

E EI

E, AE,

f) fril

C) .1:!1
r:).l:rf,
r-r r-14

f_r I'l E

ri ftA
a| ,'17

r-r flll
i\ t-\ct

{i. lij
C),11

r-l t :l

1_) . l.-,
i-l 1?
r:). 1 1
fr l5
l-r 1?
(-r. 1E
(-l 1q

r-r -lit
J-r ?r-)

ri ?1
ar -.r 1

al :'?

r-r :'?
r-r ?-i
t't -.t-/
('t -t-A

it --rn

J-I ':'i
(-l -.,Q

t'-t.77
j-r :i f-l

{:r. f,1
r1.31
{). 51
il. 31
rl. f,?
L,. f,"
(,. f,f,
{.'. f,:

(). oi:)
(:). C)l

-fr ar 1

-ar at?

-ar ,'r,

-i) il I

-'.l r-l:'

-ar f-i-,'

-l-i t-i I

-(l , {:t1

-r-r ir I

t:). iJi:I
,-l i-if-]

i:), (i1
l-) f_,J

(-r ii7
r-r. i:)1

i'i i'r-i

ar r-la

l'r ft:I

a) l-if
r-r ft?

t-i. t-rf,
{:} . {i:-:T'

qr. t-ti
ar al::
(). {:}f,
J'l al-i
al ,'):I
i-l flf,

r-| ar':
al f-)r-i

tj , iri:I
-r'r r-tT

-i) . (:, j
rl . t,f,
r). (}f,
(:). {:}-?,

r:r, (:lI
(:r. 13
().11
().1f,
{i. l?
0. 12

(:). t-){)
l-r l-t 1

r-r t.t?
r-r it?
t-l r_l:I

ri J-ra

{:r, {:!-r,

(:!, {:}4
(). (:!:,
(:). i-)6
t'r ,'l-7

('l i-t7
r-r l-r-7

ar ila
il irti
al al!i
r'r ii7
t-t I t-i
(r.11
{-l I -j

J-r t :::

r:, . 1.:1
(:1. 14
r'l lA
r-) 14
f-l 1E,

f-t t E,

r-r.1i
11 1rA

r-l 1q
J-) I rJ

r-r. ii-r
r'! ?,-I
r-l -.' I

a:r ') 1

ir -.'--r

t'\ 'J-.t

11 ??
f | '1'.1

(1.:f,
r).3f,
t:l ' ?f,
C). ?-?,
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Tihama Watei Resourc nex
T

fteraver,v Data

Pra j ec t llanre !

Te=t Location !

Dete of Te-qt :

Tinie'started !

Ltrl.lc 1

6/ I?/qi'

t/t' iF'roci .t^lerll iFeiElap=ed Trnre
I since I =ince

i Re=idutsl i Drar'rdt-r
lDrar"rCer+n i

i (m) i (m)i PurmP=teP i P'urnrPstrt i

i(mins) l(nrin=-) I

1.(j
-t t'\

.J.l-t

4. {:)

E. a_t

6. {-)

8,ij
1 ir {-}

i'-/ l-l

1:; . (l
_-,i-r i-)

:5.0
f:'{:}. (:t

f,:,'+
4il .l:!
4r.. {:}

E,ir (-r

E E, i-l

.li-i. (:r

7it.t-t
Br:) . {:!
Qi-r f-)

1 (:,i:r . {:}

1 1{:) , t:)

1?il . 0
14(:). (:r

lbtl .(j
1At:t. (:r

?1ri. Q
--, .1t-r il

17{:}. t:!

lii:)t:, . t:)

fi-=,il , {j
f,c'{:), i}
J?l:r. (:,

4:-::i). t:)

4 5i:, . {}

?161 , {}

i 161 . (:)

316f,. {:}

?164. i!

"16:,. 
{:!

7LL'b.i-i

"Lba.iti l7(:) , ij
?17?,r:r
-/17:.. (t

? 1Ei:r . (:!

"185,.{i?l-gri. {:t

-rlAE, fl
iI /!'r!'

::i)i:l . (:r
a, a, i-r c, t-lii:-r E r '-'
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Tihama Water Resources; Annex 7: Aquifer Tests
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a.[Lu]FEF: TEST DAT*-SHEET
Flecg]veri, Datsr

Tihama Water Resources; Annex 7: Aquifer Tests
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