Hydrology of Yemen
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INTRODUCTION

 Location and General Topography

 Yemen is located on the south of the Arabian
Peninsula, between latitude 12 and 20 north and
longitude 41 and 54east, with a total area
estimated at 555000 km2 excluding the Empty
Quarter. Apart from the mainland it includes
more than 112 islands, the largest of which are
Sogatra in the Arabian Sea to the Far East of the
country with total area of 3650 km2 and
Kamaran in the Red Sea
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YEMEN: Basic Information

e Area: 555,000 km?
e Cultivated area: 1,200,000 ha
 Population: 20,0 million
— Rural 5%
— Urban 25%
— Growth rate 3.5 % /year
e Rainfall: 50 mm - 800 mm /year

average 200 mm / year
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1. HYDROLOGY OF Yemen

* Importance of watershed in Yemen:

— 77% of the population are living in the
mountains.

— Rural communities mainly depend on agricultural
production from the terraces.

e Overall objectives:

— Focusing in the traditional water harvesting
system in the mountain terraces.

— Increase public awareness to optimum benefit
from rainy water seasons.



FACTS AND FIGURES ABOUT WATER
RESOURCES

Yemen is a Water
Scarce Country

!

4 Annually renewed water resources is about 2.5 BCM
Annual per capita availability in Yemen for all use435 ni
Per capita availability in MENA is 1250%and 7500 rfin World
Average domestic use requires 100p@r person
Groundwater recharge (renewed resources) 1.3 BORL)6
Annual water defcit is about 900 MCM
Irrigated area has expanded from 37,000 ha to rmare t
1,000,000 ha between 19#02004

S Most of the dug wells in the critical areas has gaye d
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FACTS AND FIGURES ABOUT WATER
RESOURCES (cont’d)

Yemen's Water Resources
are Fully Exploited

/~ Majority of surface water is utilized (dischargesta is rare)
Groundwater depletion has become a critical issueesif80s

Random groundwater exploitation still continues imsareas

Most of the dug wells located at the critical araascairrently dry
Yemen has estimated over 50,000 wells and more @®aa&lling rigs
About 15% of these Rigs are officially registered

resources were 2.5 BCM
\Annual groundwater recharge is 1.3 BCM

There are more than 70,000 operating pumps forw@tire only(Agric. cencus

~

Total water use is estimated in year 2000 was 3.4 B@Ne annual renewable

p—
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FACTS AND FIGURES ABOUT WATER
RESOURCES (cont'd)

4 )
Water scarcity is more critical in the Western partof the
Country

!

(" 90%o0f the Population lives in this part

Total annual use is 1.8 BCM against a recharge oBCM

Annual deficit is about about 0.7 BCM

Situation in Sana’a Basin Is extremely serious, exqiomn exceeds
recharge five fold; consequendlke water table is annually declinin
between 4-8m annually

Agricultural activities has expanded several timesesiktf#80s

- /
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MAIN PROBLEMS

-

[Groundwater mininD

Water levels are dropping in most of the basind,raajorit?
of dug wells has gone dry

Groundwater quality continues to deteriorate, arahater
intrusion is taking place in most of the coastalitegs

Water is becoming more expensive

Putting rural livelihood at risk

Increasing stakeholders conflicts

\__More environmental concerns )
4 )
- — - Taiz is receiving water once in every several weeks
MajOI’ cities are runnin :> Private market is expanding but expensive
out of water Urban and industrial development is threatened

Conflicts between rural and urban segments of doety
are becoming intense

- J

-

[\Aajority of the population dlo_\
not have access to safe water

NWRA-Yemen
2005

*Brunt of water shortages is mostly borne by pobow
\_cannot afford privately supplied water services

In generab0% households are connected to public water )
supply network

In rural areas where majority of population IN32.¢o0),only
49% have the access to safe water

Shallow aquifers are polluted causing poor health
conditions




CAUSES OF PROBLEMS

Introduction of new technologies empower us toattr
water supplies faster than the rate of replenistimen
drilling technology and pumps
Inefficient use - particularly in agricultural secto
irrigation efficiency only 35%

-Random drilling of wells

>-There are about 381 drilling companies, with ol drilling Rigs

Population growth

Absence of effective awareness

Absence of implementing GW use rights
Expansion of gat growing

Process of privatisation in the southern part

@ew Technological facto

Social factors ]

Y
»

Economic and financial
factors

Subsidy on diesel fuel and lending interest rates
No pricing policy — water is free for agriculture
Cropping patterns are guided by market signals
Low water tarrifs

b U

Institutional & legal

factors Obstacles encounter during enforcement of watealaavby-lajv
implementation of the regulations
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2005




MAJOR WATER SECTOR CHALLENGES

Providing safe and sufficient water to larger
segments of the society

Maximizing social and economic benefits
from available resources through proper IWRM

Enforcement of water law and other water regulation

NWRA-Yemen
2005



Yemen

Sectors

Agriculture
Industry
Municipal

Total

1990

2699.8

30.9

168.3

2899.0

Low efficl.

4015.0

89.6

552.6

4657.2

2010
High effici.
2869.0

89.6

552.6

3511.2



Soclo -economic features

* Population

* The total population is around 20 million
(MPD, 2004), of which 74.4 % is rural. The
average population density Is about 31
Inhabitants/km2, but in the western part of
the country the density can reach up to
300 inhabitants/km? (Ibb province) while in
the three eastern provinces of the country
the density is less than 5 inhabitants/km>.




Soclo -economic features

he largest part of the population lives In
the Yemen Mountain area in the western
part of the country, where rainfall is still
significant, although not high in many
locations. The hostile environment of the
desert and eastern upland areas Is
reflected by low population density.




Concentration of population In
Yemen
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Republic of Yemen

National Watewr Resources Authority
Yemen Isohytes-MAP (mean 1999-2000)
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The population bomb!

Known and Projected Population
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Relation between domestic water usage and
standard of living

Human Development Index
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A selection of typical ‘unaccounted for water’ (%)
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Geographical regions

e The Deserts

— Ramlat Sabatayen
— Al-Ghaidah Basin

e The island

— Socatara
— Kamaran
— others



Geographical regions

e The Coastal Plains

— Tihama

— Tuban-Abyan plains
— Ahwar-Meifa’ah plains
— Eastern coastal plains

e The Yemen Mountain Massif

— Western slopes

— Southern slopes

— Eastern slopes

— Highland plain zones

 The Eastern Plateau Region

— Northen plateau zone
— Southern plateau zone
— Wadi Hadramawt

— Al-Ghaydah Basin



Agroecological systems

Map 2.3.1: Agroecological zones
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Physiographic Regions of Yemen

Physiographic unit Approx. area | % of Total Major Geological Formation Predominant Great soil Types Ecological Zones/Vegetation
(kmg) of Land
Coastal Plain (Tihama) 20,300 3.9 Quaternary alluvial deposits. Torrifluvents, Torripsamments; Ustifluvents, | Arid tropical desert; sand
ustipsamments, Ustipsamments, salortheds] dune vegetation of the Red
Sea; Acacia spp.
Southern Uplands 12,000 2.3 Tertiary and quaternary volcanics. Ustifluvents; ustiorthents; torriorthentsick Semi-arid subtropical
outcrop. mountains; Acacia spp.,
Juniperus spp., Euphorbia
scrub.

Highlands slopes 45,500 8.6 Tertiary and quaternary volcanics; sedimentary Rock outcropustiorthents Arid to semi arid temperate

rocks; quaternary alluvial deposits. mountains, Acaciaspp.,
juniperus
spp., -

Midland slopes 39,200 7.4 Tertiary and quaternary volcanics; Precambrign Rock outcropustiorthents; torripsamments Arid subtropical mountains;
shield; sedimentary rock. calcareous loamy and sand plains. Acacia spp., weed rich

vegetation.

Eastern and Northeastern 250,200 47.4 Quaternary alluvial deposits; sand sheets and| Torriorthents, torrifuvents; Arid subtropical desert; sand

Desert plateau. dunes; calcareous sedimental rocky; sand plajngorripsammentsalcareous loamy and sandy | dune vegetation; absent

plains. vegetation except for grasses|
after rainfall.

Coastal and foothills 55,000 10.4 Hills, sand dunes and sheets; grace and sand) tBeep to shallow calcareous sandy to loamy;| Arid tropical; desert and semi
loamy plains saline in coastal area; light yellowish in desert vegetation absent by

eastern part. sea-saline grasses; vegetatio
on hills; water cockles in
wadi.

Middle Montane highland. 84,500 16.0 Volcanic rock basement in the western part, ahdSandy to loamy in the western part, and Arid subtropical; vegetation
calcareous rocky plains in the eastern part; calcareous to loamy in the eastern part. nearly absent, except some irf
sandy to loamy sedimental complex in wadi. wadi and on soil and rocky

plains.

High Montane. 21,000 4.0 Hills, volcanic rocky plains in the west and Sandy to loamy in the west, and calcareous | Arid subtropical; vegetation

calcareous rock in the east; sandy loam in wagli.sandy to loamy in the east.

nearly absent; some trees;

grasses after rainfall.




L and use and cover

« Agricultural land consisting of arable land
and land under permanent crops forms
about 3%(of which about 450,000ha of
mountain terraces is rainfed, 650,000 ha
of relatively flatland in the inter-mountain
region). lrrigated lands occupy some489,
000 ha distributed as 98,000 ha spate
irrigation, 28,000 ha spring irrigation and
363,000 ha well irrigation.






Main Geographical region in
Yemen



Main Geographical region in
Yemen

e The Desert:

 Between the Yemen Mountain Massif and the
Eastern Plateau lies the Ramlat As Sabatayn, a
sand desert. Rainfall and vegetation are nearly
absent, except along its margins where rivers
bring water from adjacent mountain and upland
zones. In the north lies the Rub Al Khali desert,
which extends far into Saudi Arabia and Is
approximately 500 000 km2 in area. This sand
desert Is one of the most desolate parts of the

world.



Main Geographical region in
Yemen

he Islands :

"he most important of all the islands Is
Sogatra, where more exuberant flora and
fauna can be found than in any other
region in Yemen.




Natural hazards

e Land degradation
* Flooding
* Firewood



Natural hazards

e Land degradation

* Due to the physiographic characteristics of the
country, most of the arable lands are located
within watersheds entities. The accelerating
degradation of watershed basins of Yemen has
serious economic, ecological, environmental and
social implications

* Erosion from the steep basins has resulted in
talus fans with coarse gravel and silt along the
foothills and gently sloping areas of fine silt
along the alluvial plains below the outfalls of
wadis Iin the coastal and interior plains.




Natural hazards

* Flooding

* Flooding occurs during monsoon season
leading to loss of productive agricultural
lands along the wadis, increasing
sedimentation and significant widening of
down stream wadi bed.



Natural hazards

 Firewood

« The natural vegetation of acacia scrub in the foothills has
been degraded by the search for firewood. Natural
forests have almost diapered due overcutting for
construction, fuelwood, and fodder.

e Currently, there is no innovatory of national forest
resources. In addition, there is no detailed data on
desertification (e. g. location and extension of sand
dunes, movement, and patterns) trends in the
degradation of terraces (e.g. ownership, size, impact and
magnitude of soll erosion).















Monitoring Networks

* Monitoring networks do not yet have a long
tradition in Yemen. Even rainfall, which in many
countries has been systematically observed for
more than a century, was recorded in only seven
stations prior to 1960.

 most of the rainfall stations currently known were
Installed during the late 1970s or during the
1980s. Several have been abounded already
and many of the record have major gabs in the
period of observation.



Monitoring Networks

* The general aim of hydrological monitoring
networks Is to observe hydrological variables
over time at a number of selected locations.

e Such variables my include rainfall, evaporation,
evaportranspiration, stream flow, surface water
levels, groundwater levels, water quality and
water use.

 Monitoring data are indispensable for proper
planning of water resources development and
management.



Monitoring Networks

The locations of the different types of stations
are shown in Figure.

Most of the stations are located in the Yemen
mountain massif region, on the western and
southern coastal plain and in the surroundings of
Wadi Hadhramout.

Socotra and the sparsely populated mainland of
Al-Mahra governorate have a few meteorological
stations each, and there are no monitoring
stations in the vast desert area.

The existing and proposed monitoring stations in
Yemen are shown in the Figure.









Monitoring Networks

here Is a strong correlation between
population density and station density. The
density of rainfall stations is also
Influenced by the expected rainfall
amounts.



Monitoring Networks

 Many of the streams gauging stations are
located along the border of the Yemen Mountain
Massif to monitor the yield of individual major
mountain cathments.

 The many stream gauging stations in Wadi
Hadhramout indicate an interest in the
contribution of the main tributaries to the total
volume of Wadi Hadhramout floods and to their
Infiltration into the alluvial aquifer of the Wadi
Hathramout’s wadi beds.






Rainfall Monitoring

e 1870-1990 (Aden) Annual Rainfall

e Most of Rainfall stations were installed
during the late 1970s or 1980s

 Around 280 rainfall station cover the
country



Monitoring Networks

* Clusters of stations in certain zones reflect the
fact that most of the stations were designed as
part of project networks in project areas of
limited size, rather than as stations of a national
monitoring network.

 Most of the streams gauging stations are
nowadays equipped with water level recorders;
some of those in the Hadramout governorate,
however still rely on staff gauges.



Monitoring Networks

 Only a few groundwater level monitoring
networks are known and these are of
limited areal extent. They include a
networks of NWRA, NWASA, TDA In the
major wadis In the country, in the Sana’s
and Sadah basin and in the Marib zones.

 The networks were reduced after a few
years of monitoring, and therefore there
are fewer stations today.



Groundwater level monitoring
(1990)

31 wells in Sadah Area

200 wells In Tithama

62 wells in Marib

36 wells In Radaa

47 wells In Sana’a

85 wells in Wadi Hathramout




Groundwater monitoring

e Very few Groundwater
abstraction, quality Monitoring
INn Yemen



Monitoring Networks

monito

here are no known water quality

ring networks in Yemen, except for

regular EC measurements in some of the

grounc

water level monitoring networks

and repeated water quality sampling at the

wellfie

ds oR headworks of NWSA's water

supply.



Monitoring Networks

e Stream gauging station over the different
flow ranges is extremely difficult in the
capricious wadis in Yemen, thus the rating
curves and resulting stream flow records
are never very accurate. It should be
realized that the older stream flow records
—and some of the current ones as well- air
based on staff gauge readings (one or two
a day) and thus are not suitable for
reconstructing instantaneous flows.



Hydrometric Network

Importance of
Network.

he network
consists of Surface
and Groundwater
points.

More than 4,000
points.

Telemetry




Use of Technology

Use of GIS and
Remote Sensing on
Water Resources
assessment

Implementation of
GSM Telemetry
System




Use new technigues in the future

Introduction of
Satellite Telemetry
System.

Surveying of Flood
RISK zones.

Plans for Flood
Prediction and
Forecast.




Use new technigues in the future



Measurements of flow in wadis





















Database

ome series data, well inventory data and
other basic numerical information on the
climate, hydrology and hydrogeology of
Yemen Is stored in database of NWRA
(National Water Resources Authority. it
was intended as a centralized publicly
accessible national water resources
database.



Database

he most iImportant partners in this
respect are the Civil Aviation and
Meteorology Authority (CAMA), Tihama
Development Authority (TDA), ERADA,
NORADEP, SSHARDA, SURDUP, GDI of
the MOI, and NWSA.



Evaporation (Annual Penman
evaportranspiration)

e Coastal Zone = 1800-2700 mm
e Mountain zone = 1500-2550 mm

e Arid zone = 2000-3500 mm

The Penman approach to the assessment of
evaporation and evaportranspiration has been
applied to a number of latitudes. The
meteorological data and Penman evaporation
at the selected latitudes are included in table.






Evaporation

* Potential evaportranspiration is closely
related to open water evaporation (as a
first approximation it can be estimated at
70% to 80% of the evaporation rate).
However, the actual evaportranspiration is
substantially lower in Yemen, except in
well-irrigated areas.



Evaporation (Annual Penman
evaportranspiration)

Elevation n/N* Temperature C Relative Wind speed Evaporation

meters +m.s.| humidity % m/s mm/yr
0 0.7 30.0 75 3.0 2534
50 0.7 30.0 70 2.6 2491
100 0.7 30.0 68 2.2 2435
200 0.7 30.0 63 1.7 2381
500 0.7 28.1 62 1.7 2266
1000 0.7 25.0 59 1.7 2116
1500 0.7 21.9 56 1.7 1925
2000 0.7 18.8 54 1.7 1784
2500 0.7 15.6 52 1.7 1645

Table 5 Penman evaporation for different elevation in Yemen.,




Evaporation

« Evaporation exceeds rainfall over most of
the territory of Yemen this implies that
except in some limited areas,

 soll moisture deficit prevails most of the
year,;

e evaportranspiration rates are usually far
below their potential level, which my only
be reached during and shortly after rainy
spells.



Evaporation

* Class A pan evaporation rates usually
exceed true evaporation from large water
bodies. As such, reduction factors of .065
to 0.80 are often applied to pan
evaporation in arid and semi arid zones.



WATER RESOURCES

o Water availability



Surface water

* General features of the runoff processes

Rainfall is the main source for surface water in the country.

Most all the wadis are ephemeral, only a few have minor bas
flows that may seasonal or permanent, but only in a limited part
of their channels.

The wadi beds are dry most of the time, and infrequent runoff
peaks quickly occur and disappear.

Flood peaks are often quick and infrequent because of sparse
vegetation and mostly impermeable nature of the soll in the
catchment areas.

Baseflow is nearly constant components of streamflow which my
last for long periods without rains. In most cases it is associated
mainly with the contribution of groundwater discharging into the
rivers.



Surface water

* The runoff process is controlled by a large
numbers of factors: the main ones are-taking
Into account the conditions encountered In
Yemen:

— Size and shape of the catchment;

— Rainfall characteristics (total depth and distribution in
space and time);

— Rates or potential evaporation and evaportransporation;

— Terrain characteristics of the cathcment areas (slopes;
occurrence and properties of soils, rock outcrops and
vegetation);

— Land use and other human interferences.



Surface water

« Catchmen areas and principal drainage
PasIiNS (The main wadis in Yemen are depicted in
Figure )

e The country has divided into four major
drainage basins, regrouping numerous

smaller wadis (Figure ):
— The Red Sea basin.
— The Gulf of Aden basin.
— The Arabian Sea basin.
— The Rub Al Khali interior basin.






Surface water

o Surface water resources have been estimated at
2.5 billion m3/year, but this quantity corresponds
to the runoff from major wadis and does not
Include the runoff produced within the smaller
catchments.

e \Water use was estimated at about 3.2 billion
ma3/year.

 The country thus overdrew Iits resources by 0.7
billion m3/year. In general, all surface water
sources in Yemen are harnessed and exploited.




Surface water

 Most surface water flows are intermittent; they
usually carry water at and after short heavy
rains.

A number of floods on a periodicity of rains and
it vary from 50 in wadis of the western slope to 3
- 4 In wadis with upstream in the southern
slopes.

 Table lists annual runoff volumes, estimated
annual rainfall and the size of the catchments.






Surface water

These estimates show that approximately 40 %
of the runoff were comes from the western
slopes.

Whereas, The Gulf of Aden, Arabian Sea and Al
Rub Alkhali contribute of 30 %, 25 % and 5 %
respectively.

Annual precipitation is approximately 65 billion
ms,

The surface runoff to the sea measured in some
major wadis Is estimated at 1430 million m3/year



Surface water

* Large-scale examples of runoff absorbing zone are the
Tihama, the Tuban-Abyan coastal plains, and the Ramlat
Al-sabatayen and Arub’a Alkhali deserts. The alluvial
Wadi Hadramawt valley and the highland plains in the
center of the Yemen Mountain massive are distinct
runoff absorbing zones as well, but at a smaller scale. At
Increasingly smaller scales, smaller-sized absorbing
zone can be distinguished, e.g. local alluvial fills and
patches, and plots of cultivated lands. They are too small
and too numerous to be shown in Figure 2.9 (page 24),
but they play an important role in the runoff process.
Note that the Yemen Mountains in the west and in the
Plateaux in the east are almost entirely mapped as
runoff producing zones.



Surface water

The volumes of stream flow per km? of catchment area largest on
the western and southern slopes, because of rainfall there is much
higher than anywhere else in the country. But there as well as in
other parts of Yemen only a minor fraction of rainfall is converted
Into runoff. For catchment areas of a few thousands km2 and larger,
annual runoff volumes are less than 10% of the annual rainfall
volumes. Higher runoff coefficient ( i.e. ratio of runoff over rainfall
volumes) are to expected for smaller cathcment, because these
offer statistically fewer opportunities for losses. Runoff coefficient for
iIndividual intensive rain storms during wet periods can be much
higher than the annual average coefficient, because the physical
processes that produce losses- such as evaporation and
evaportransipration- are limited in their rate.



Surface water

he shape of the Hydrographs

 Instantaneous flood hydrographs

— The floods of the Wadis in Yemen are generally
characterized by abruptly raising peaks that rabidly
recede; In between the irregular floods the wadis are
either dry or carry only minor base flows.

— Figure 19 shows an instantaneous record of Wdi
Surdud’s flow with the period 17 through 19 June
1984, at the end of the first wet season



Surface water
The shape of the Hydrographs

The very short rising limb of the floods, approximately 15 minutes, is
a remarkable feature of the hydrographs. Within that lapse of time
the wadi with a flow of 0.5-1 m3/s may turn into a wild stream, with
high flow velocities and a discharge often between 100 and 1000
m3/s. the recession is quick too, but two distinct hydrograph shapes
are shown in Figure 19. The first flood reaches 87 m3/s and recedes
very quickly. It is thought to represent runoff from the immediate
surroundings of the gauging site, hardly buffered by travel in the
wide main wadi bed. The second one reaches a maximum of only
11 m3/s, but due to a slower recession it brings almost twice the
volume of water discharged by the first peak. For Wadi Rima’a for
example, records (1978-1990) it has been found that 70-90% of the
annual runoff volumes resulted from the lower segment of the
hydrograph (0-15 m3/s); the contribution of the flows exceeding 100
m3/s was only 3-7%.



Surface water
The shape of the Hydrographs

 Most floods peaks in the Wadi Surdud record
have the characteristics of the second event,
which can be associated with rainfall further
upstream in the catchment, further away from
the gauging station.

 The time lag between rainfall and the peaks of
the corresponding floods are mostly in the order
of 2 to 8 hours for Wadi Surdud, depending on
where the rains occurred. The duration of the
rains Is almost always much shorter.







Surface water
The shape of the Hydrographs

e Other catchments have different characteristics,
but most of the main wadis monitored or studied
have flood regimes remarkably similar to Wadi
Surdud. The time of rise of the flood
hydrographs is consistently reported as small,
always less than half an hour. And a recession
are quick anywhere, although in larger
cathments, e.g. in those of Wadi Mawr and Wadi
Bana, they may be somewhat slower and in
smaller catchments even quicker than in Wadi
Surdud.



Surface water
Base flow

The base flows regimes of different wadis In
Yemen shows much more variation than the
direct flow regimes do.

Major wadis in Yemen especially in the
western part of the country have a
permanent baseflow |,

But in most Wadis anywhere else In the
country baseflows are absent or only
persisting during wet periods.

The most common situation is that the wadi
beds are completely dry in between floods.



Surface water
Average daily and average monthly flows

* Averaging the flows over periods of one day, one month
or longer may be useful to focus on the volumes
Involved, but it gives a highly distorted picture of the flow
rates. This is clearly demonstrated by comparing figures
5.2 and 5.4: maximum instantaneous flow on 17,18 and
19 June 1984 are 87,6.3 and 1.68 m3/s. furthermore,
maximum instantaneous flow in 1984 was approximately
600 m3/s, compared with a maximum daily average of
52 m3/s. averaging the daily values to monthly values
and monthly values to mean monthly values leads to
further smoothing.



Surface water
Flow volume

The volume of surface water produced by a catchment during a
year, a season or any other lapse of time is extremely important
from the point of view of potential water resources utilization. Most of
the streams gauging activities carried out in Yemen are primarily
iIntended to determine flow volumes.

Measured monthly flow volumes for some wadis in Yemen are listed
in Table 6. below, some statistics derived from these data will be
discussed anad analysis: annual runoff volumes (averages and
coefficient of variation) and the average distribution of the flow
volumes over the yeatr.

Table 6 does not include small catchments: the size of the
catchments ranges from 460 km2 (Wadi Rabwa) to ca 22500 km2.
this means that in all cases there are wadi beds that are filled with
alluvial deposits and are sufficiently wide and long to enable
significant transmission losses.



Surface water
Flow volume

« The runoff coefficients of very small catchments tend to
be significantly greater than those of the larger
catchments.

* For small catchments the rainfall runoff relationships are
summarized as follows by DHV:

— Threshold value (rainfall not causing runoff) was between 5 and
7.5 mm.

— Runoff coefficient on an annual basis varied between 25% and
50%.

— Individual storms with a total rainfall above 20 mm and
Intensities higher than 10 mm/hr had runoff coefficient of the
order of 70% on basalt and Limestone, and of 50% in loamy
sand areas. Storm of 10 mm and more with intensities above 5
mm/hr could still have runoff coefficient of about 25%.



Surface water
Flow volume

he annual mean runoff coefficient for
catchments of a few hundred km2 In size
IS smaller by approximately one order of

magnitude. They are shown graphically In
Figure 20.



Surface water

A few conclusions can be drawn.

First of all, in spite of the preceding information on the impact of
catchment size, no significant relation is observed between runoff
coefficient and catchment size. Obviously the mean annual runoff
coefficient is rather large for very small catchment areas, and then
tends to decrease for increasing catchment areas, but is rather
s%al?le before the catchment area becomes of the order of hundreds
of km2.

A second conclusion is that there is no clear relation between
annual rainfall and runoff coefficient. At first sight, the “threshold
concept” would suggest a lower runoff coefficient for areas of lower
rainfall. Nevertheless, the effect is apparently balanced by the fact
that more natural vegetation and agricultural crops are present in
areas of higher rainfall. Consequently, the variation of the calculated
coefficient around their mean of 5.5% mainly results from factors
other than annual catchment size.



Surface Water
rainfall runoff relationship

e |n accordance with the observation that
the calculated runoff coefficient are not

significantly dependent on rainfall, a plot of
mean annual runoff versus mean annual

rainfall —.shown In Figure 5.9- can be fitted
with straight line according to:

Runoff (mm)= 0.055*Precipitation (mm)



Surface water
probable maximum flood (pmf)

Estimates of probable maximum flood (pmf) made by
different authorities are shown in Fig. 22.

pmf’'s here are meant to be the highest floods recurring
on the average once in 10.000 years.

In Fig.9 the so -called Creager envelopes with C-values
of 10, 25, 50 and 100 are drawn. These envelopes are
represented by the equation:

Q= 1.3C (2.59 A)*(0.854 A(-0.048))

— Where Q denotes the maximum instantaneous discharge in
m3/s, and A is catchment area in km2

— The envelope with C=25 exceeds all historical data. This line my
be regarded as corresponding to a recurrence interval of 50
years. On the other hand the envelope with C=80 narrowly
exceeds all the pmf estimates. As such this envelope can be
used for estimating the probably maximum floods.



Surface water
(water Quality)

 There are no networks monitoring surface water quality
INn Yemen, as far as known. Various projects have
measured surface water salinity, but only at a few sites;
IN Most cases measurements of electrical conductivity,
obtained during current metering. Water use and
groundwater quality —which have usually been studied in
more detail- give additional clues about the
mineralization of the water.

o Surface water is fresh in general, but the concentration
of dissolved solids tends to vary inversely with the
discharge rate. Total Dissolved solids values (TDS) can
be estimated from (EC25) measurements by multiplying
the EC values (in micromho/cm) by a factor of
approximately 2/3.



Surface water
(water Quality)

« The WRY project has monitored electrical
conductivity at its stream gauging stations in the

Wadi Surdud and Adhanah, and
Delta. The resulting data show t

In the Abyan
nat the EC25 of

the Water of Wadi Surdud at Faj

Al-Husseln Is

relatively low: it typically varies between 500 and
600 micromho/cm during base flow, and drops
to 300 micromho/cm or slightly more during
floods. The corresponding figures for Wadi Bana
are 1500-1800 micromho/cm for periods of low
flows, and 400-500 micromho/cm for floods.



Sediment transport

All floods observed in the wadi are yellowish-brown in
color due to the load of suspended sediment.

The water becomes opaque towards the exhaustion of
the quickflow component, and water becomes crystal
clear again when the wadi resumes its base flow regime.

Bed load is also very significant, especially in wadis with
a steep gradient such as those descending from the
western and southern slopes.

These wadis quickly will fill the Space behind any dam
constructed across their beds.



Sediment transport

* No record of such sediment transport monitoring has
been found. In WRAY'’s water resources assessments
study of the Wadi Adhanah area approach was followed
(Nio, 1989). It involved measuring the sediment
accumulation in the Marib lake from April 1986 to March
1989. the echo-sounding equipment used was capable
of showing the upper and lower boundaries of the
sediments that accumulated in the lake after the new
Marib dam was constructed. The sediments that were
previously at the surface are more consolidated. It was
estimated that 4.5 million m3 of sediments were trapped
In the lake during the three years preceding the survey;
the average of 1.5 million m3 per year corresponds to a
layer of 0.2 mm averaged over the entire catchment.



Sediment transport

« Noman (2001) mentioned in his study that, the average
sediment concentration in Wadi surdud during the flood
was 10-15 kg/ma3.

* On the basis of surveys in the catchment area and an
analysis of the Wadi bed material, two main types of
sediment were distinguished. The first type consist of
coarse material (coarse sands to boulders), mainly
originating from the Wadi’s valley walls. The bulk of the
sediments are sandy, mainly originating from Tawilah
sandstone outcrops

e The basement and volcanic outcrop areas within the
catchment yield comparatively low amounts of the
sediments.



Databases

Time series data
Well inventory data
Information on climate

Hydrology and Hydrogeology information and
reports

NWRA database
MAW database



Climate

Yemen has a predominantly semi-arid to arid
climate, which rainy season during spring and
summer

High temperature in costal areas and Moderate
Temp. in the Mountainous areas

High humidity in in costal areas and Moderate
Temp. in the Mountainous areas

2 Rainy seasons (March-April), (July —
September)

(Table presents a summary of meteorological
statistics for selected stations)



Climate zones in Yemen

A classification proposed by UNESCO (1979) can be used. Itis
based on the ratio between average annual precipitations (P) and
annual reference evaporation (E), and in principle marks five
different classes:

- hyper-arid P/E <0.03

- arid 0.03< P/E<0.25

- semi-arid 0.25<P/E<0.5
- subhumid 0.5<P/E<0.75

- semi humid P/E >0.75

Figure shows the results of this classification. In terms of aridity, the
climate in Yemen is shown to vary from hyper-arid (deserts, most of
the plateaux, parts of the coastal plains) to subhumid (scattered
wetter zones on the Western and Southern Slopes), with perhaps
even humid sites on a very small scale in Ibb. Table 2 shows the
Physiographic Regions of Yemen






Rainfall

Rain storms are dominantly convective in Yemen (High
Intensity low duration)

Their areal extent tends to be limited

Orographic effect are strongly controlling the spatial
patterns of rainfall

Annual total rainfall vary from year to year and from
location to location (map shows the long-term isohyets
map)

Seasonal rainfall pattern differ from zone to zone and
from year to year



Rainfall

* The rainfall depends on two main
mechanisms, the Red Sea Convergence
and the Monsoonal Inter tropical
Convergence Zone

 The average temperature decreases more
or less linearly with the latitude.




Rainfall

he coefficient of variation of the annual
rainfall series tends to decrease with
Increasing average rainfall, as Figure 10
shows. This means that variations from
year to year are most pronounced at the
most arid sites, at least in relative term, I.e.
compared to the average rainfall. This
variability is less at the wettest locations,
but even there it is still considerable.




Rainfall

* Average annual rainfall figures higher than
250 mm are only observed in the western
and southern parts of the Yemen Mountain
Massive, with the maximum near |IBB
(1510 mm). Anywhere else the average
annual rainfall is low, especially in Al-
Mahrah governorate, in the northern part
of Hadramawt and in the Ramalat Al-
Sabatayen.



Rainfall

he relationship between the mean annual
rainfall and topography is shown In Fig.
11, where a west-east section IS
considered. The section shows the
Increase In annual rainfall with elevation
up to the mid length of the section, beyond
which the rainfall drops sharply in the
mountain plains and further to the east In
the eastern mountain areas.



Rainfall

e Dally rainfall amount in Yemen are in most
cases the result of only one rain storm.
The duration of such storm is usually
rather short, and only exceptionally
exceeds a few hours.



Rainfall

 Based on the record of 10 stations with
lengths varying from 6 to 15 years, TS-
HWC (1992c¢) shows that the number of
days with at least 5 mm of rain (rainy day
0 Is strongly correlated with the average
annual rainfall.



Temperature

* Average temperatures are dominantly controlled
by elevation. There Is an approximately linear
relation, this relation is disturbed by the proximity
of the sea In the coastal areas. Mean annual
temperature range from less than 12.5°C in the
central highland to 30°C in the coastal plains.
However, the winter temperatures may decrease
to freezing the highlands. Figure 13 shows the
temperature versus elevation in Yemen. The
figures show that, there Is a tendency for the
temperatures to decrease at increasing
elevations.




Annual Rainfall

 Annual Rainfall totals, in Aden started In
1870

 The coefficient of variation of the annual
rainfall series tend to decrease with
Increasing average rainfall










































Treatment
plant

Sana’a
Taiz

Al-
Houdaida
Aden

Ibb

Dhamar
Hajja
Mukala

Rada’a

Total

Non-conventional water resources

Design
capacit

20000
17,000
18,000

15,000

7,000
10,000

5,000
8,000

2,800

132,800

Type of
treatment

Activated sludge

W.S.P. Biological
ponds

W.S.P. Biological
ponds

W.S.P. Biological
ponds

Activated Sludge

W.S.P. Biological
ponds

Trickling Filter

W.S.P. Biological
ponds

W.S.P. Biological
ponds

Actual
flow m3/d

20,000
17,000

18,000

15,000

7,000
6,000

1,150
6,000

1,500

91,650

Treatment
cost

038™
0.03
0.03

0.03

0.25
0.03

NA
0.25

0.25

Disposal
method

Irrigation

Irrigation
Irr. + sea
Irr. +sea

Irrigation

Irrigation

Irrigation

To the sea

Irrigation



Non-conventional water resources
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Yemen and Wadis



Awadiis ......



Awadiis ......



Awadiis ......



Awadilis ......

“A dry riverbed that contains water only during times of heavy rain..”

(WIkIpEdla, 2005) Stream
bed

“The bed of a stream that is dry except during the rainy season”

(Longman Dictionary, 1982)

“A natural drainage system with only occasional floods and without
significant baseflow during the long periods in between”
(hydrologist’s view)

“ldem - combined with its area of influence” (geographer’s view)

Wadis are present in arid and semi-arid regions, indi  fferent
parts of the world

Various synonyms: wadi, oed, arroyo, quebrada, nullah, etc.




Wadi aquifers

Quaternary sedimentary aquifers
Formed by the wadi (alluvial deposits)
Recharged by the wadi

Aquifer regime and wadi regime are closely
linked

Two main types:
Alluvial strip aquifers —
Wadi plain aquifers —



Types of

I. Allumal strip aquifers
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a. Embedded in impervious rocks
(cross-section)

>
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b. Hydraulically connected to
permeable rocks (cross-section)

A B
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c. Underlain by a regional aquifer
(cross-section)

wadi aquifers (1)

Examples:

Wadi Mawr
(Yemen)

Wadi Dayqgah
(Oman)

Wadi Hadhramawt
(Yemen)



Types of wadi aquifers (2)

II. Wed plain acpifers Examples:
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b. Lowland plain wedi aguifer (Oman)
(longitudinal section)




Hydrological Modeling
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Sediment modelling



























