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1.1

1.2

INTRODUCTION

OBJECTIVES OF THE HYDROLOGICAL ANALYSIS
There are four main objectives:

. to describe the flood regime of the two Phase 1 wadis and the five Phase 2 wadisin away
that will provide an input into a Spate Management Model so that its planning and
operational functions can be developed. This includes an assessment of the water
resources available in terms of both floods and base flows.

The most suitable way to achieve this is to develop a time series of flood
events superimposed on a base flow time series so that alternative
management scenarios can be tested through simulation. The assessment
of resources available scales the time series and is based on detailed review
of the observed data.

. to provide information on extreme flood discharges for engineering design.
. to provide information describing the context in which the Flood Warning process can be
effective.

This requires investigation of the characteristics of floods - their peak
discharges, volumes and durations - that will define the categories of warning
that are relevant to operational decisions and actions. It will also require
some understanding of the processes of flood formation from rainfall in the
catchment that will help define the deployment of instrumentation to provide
the warning.

. to help define the most appropriate additional hydrometry that can be deployed in the
Phase 2 wadis.

FORM OF THE ANALYSIS

The first objective above is the most demanding and governs the scope of the hydrological
investigations. We have adopted aregional and statistical approach to the description of floods
rather than one based on rainfall-runoff modelling, which we believe to be inappropriate at short
time scaleswhen it isalmost impossible to relate floods to the rainfall eventsthat produced them.
Therainfall network is sparse and floods often arise following rainfall in parts of the catchments
that are not covered by rainfall stations.

We show that there are similarities between a statistical description of daily rainfall based on data
from the national network and the description of the sequences of floods on those wadis where
there are adequaterecords. There appearsto be someregiona coherencein these statistics, which
canformthebasisof simulationsand predictions of flood and baseflow sequencesfor wadiswhere
thereis much less detailed information.
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The format of this report follows the line of enquiry briefly described above.

In Chapters 2 and 3 wereview therainfall and the wadi flow datato try to identify the underlying
characteristicsof thesevariables. Rainfall istreated nationally; al stationsinthe national database
areincluded in aprocess of selection and analysis. For flow data, that for Wadi Zabid isanalysed
in detail because thiswadi hasthe best flow records aswell as being one of the two wadistargeted
in Phasel.

In Chapter 4 we discuss the options available for modelling and simulation of the flow regimein
away that will provide flood and baseflow sequences for the Spate Management Model (SMM),
and we describe the devel opment and testing of a simulation model.

In Chapter 6 we review the flow records and other information for the Phase | and Phase |l wadis
to assess the issues involved in transferring the model between wadis, how the parameter values
might be set, and theresultsthat follow fromimplementing the model in other wadis, notably Wadi
Tuban.

In Chapter 7 we review the extreme floods on the two Phase | wadis and make recommendations
for design floods for the structures.

Finally, in Chapter 8 we summarise our findings in the context of wadi flow and rainfall
monitoring, itsimpact on the proposed Flood Warning System and the way in which recordsfrom
the warning system might be interpreted in terms of scheme operation.

[This report is incomplete in some respects, primarily the sections dealing with the Phase 2
wadis. Work iscontinuing on data collection and analysis, and it isintended that thisreport will
be finalised later thisyear]




Irrigation Improvement Project Hydrological Analysis

2.1

2.1

REVIEW AND ANALYSIS OF RAINFALL

CLIMATIC INFLUENCES

Thethreemaininfluencesonrainfall in Y emen arethe position and themoisture availablein three
climatic zones:. the Red Sea convergence zone (RSCZ) the Intertropical convergence zone (ITCZ)
that takes its moisture from the Indian Ocean, and the occasional influx of cyclonic events from
the Mediterranean.

Considering the calendar year, the influence of Mediterranean air can be seen in rainfall and
corresponding flood eventsin January. Normally in the season extending from October to March
the air flow is easterly to north-easterly producing a southerly air flow across the Tihama.

In March to May, the RSCZ produces rainfall along the western slopes of the mountains.
Orographic effects enure that the plains receive relatively low rainfall while the highest rainfalls
probably occur over the western and southern slopes of the mountains with less rainfall on the
areas facing the interior. Some exceptional rainfall and flood events can occur in this season,
although their frequency islow - perhaps once or twice per decade.

From July to September, the TCZ isactiveover Y emen and itsnorth-south movement ensuresthat
the southern part of the country receives higher rainfall than the more northerly regions. It is
believed that the individual rain cells are larger during the ITCZ than during the rains deriving
from the RSCZ.

Thus most parts of the mountainous region receive rainfall in two seasons where the first season
is predominant in the northern area of the Tihamawadi catchments, and the second season more
important in the southern basins.

More information on rainfall patternslinked to these climatic mechanismsisgivenin WRAY 35
(1995) and the Technical Secretariat of the High Water Council (TSHWC) Report Vol 111 (1992).

AVAILABILITY AND SELECTION OF DATA

Rainfall data have been collected at different times by different organisations often using
measuring networksthat wereinitially intended to support short-term devel opment projects. There
arefew rainfall records that might be considered aslong enough to derive anormal average. The
World Meteorological Organisation (WM O) advocate 30 years as a satisfactory basisfor arainfall
map. Most of the daily rainfall datais now held in adatabase managed by NWRA and these data
have been made available to us.

The database contains records from 245 stations across the country. Unfortunately, the database
isnot yet fully up to date; records for stations operated by TDA have not been transferred since
1994, and there are still some other records, primarily from stations in the south, that are not yet
included. We have obtained the manuscript recordsfor 37 TDA stations for 1994 to 2001, coded
them and integrated them with the earlier records for these stations.
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2.3

A few records are available only as monthly summaries. There are also some recordsin the old
HWC database that are not inthe NWRA database. However, thework involvedinidentifying the
differences and merging the two databases is beyond the scope of this project except where the
records are of particular significance.

The NWRA database has been evaluated in two stages: the first to identify erroneous data, the
secondtoidentify recordsthat can be considered asrepresentative of long-term conditions. Details
of the quality control checks applied, the major results of this checking, and the criteria used for
selecting records for detailed analysis are described in Appendix A.

Essentially, two sets of records emerged from this process. A 37-station set of daily data, having
at least ten years of compl ete record, that can be used for statistical analysisof daily rainfalls. The
second comprised a 68-station set selected on less stringent criteria that can be used to define
monthly and annual rainfall across the catchment areas.

As yet there are no stations in the database for Wadi Tuban that meet the criterion of at least 10
years of complete data. Thereis along (monthly) record for Khormaksar but thisis of limited
relevance to the catchment area. Additional records are being sought and will be entered into the
database.

During our review of the quality of the data, it became apparent that much work isneeded to bring
the NWRA database to areasonable standard. There are many cases of the same datarepeated in
different months, of confusion between ‘no record’ and zero rainfall, or of unreasonable values
either in absolute terms or by comparison with other stations. These are normal problems
associated with the compilation of rainfall data. However, there is a more serious problem
developing and that is the tendency for the daily records to be nothing more than irregularly-
monitored accumulationsof rainfall. We have devised asimpletest which showsthat over the past
decade many stations are not monitored daily; there are fewer raindays and the rainfalls recorded
are much higher than in previous years. This could have serious implications for those using
rainfall-runoff models who assume that the rainfall is recorded daily.

RAINFALL ANALYSIS - DAILY RAINFALL

Rainfall frequency

The‘region’ set of 37 stations has been used to define the general characteristics of daily rainfall.
The frequency of floodsisrelated to the frequency of rainfall and thisistheinitial interest of the
analysis. Some careisneeded when determining rainfall frequency. Itisnoticeablethat observers
at some stationsrecord diligently all rainfalls, whereasat other stationsrainfallsbel ow about 5mm
are neglected or aggregated with the next significant fall. Thisshowsup asanunrealistic variation
inthe number of daysof rainfall between zero and 5mm. Therefore, we defineawet day (rainday)
as one having at least 5mm of rainfall.

Figure 2.1 shows that the average number of raindays per year above any threshold is directly
related to mean annual rainfall irrespective of station position or altitude. Thisimplies that the
average rainfall per rain-day is approximately constant throughout the country. This averageis
about 17 mm based on the number of dayswhen rainfall isat least 5 mm,; the true average will be
lower if the days with rainfall below 5 mm are taken into account.

One possibleinterpretation of thisresult isthat the rainfall-producing storm cells are, on average,
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equally effective in producing the same magnitude of daily rainfalsin all parts of the country.
Differences in the total rainfall observed across the country derive from differences in the
frequency of occurrence of rain-storms, not in the magnitude of the rainfallsthey produce. A wet
place is wetter because it rains more often, not because it rains more intensely.

Figure 2.2 shows that the rel ationship between number of raindays and total rainfall isrelevant at
the monthly time-scale. The graphincludesall monthsintherecord used for the 37-station region
set. Figure 2.3 confirms that on average there is no change in the relationship through the year.
Daily rainfalls are no less intense on average in the drier months than in the wetter months.
Intensity here is defined on a daily time scale; we have no widespread information on rainfall
intensity on hourly or other shorter time scales that might vary seasonally or from place to place.

Figure 2.4 showsthe probability distribution of al thedaily rainfallsof at least Smmin therecords
used. Thedistributionisapproximately log-normal asisthat of individual flood volumesdiscussed
in Chapter 3. The distribution shown here is an average distribution across stations. There are
some variations between stations, which might be related to position of the station or might occur
by chance given the short records and the fact that they cover different periods.

Spatial variations

Taking the mean of all daily rainfalls of at least 5mm for each station, Figure 2.5 showsthat there
issometendency for the meanto fall fromwest to east. Inthisgraph the points have been labelled
to indicate ‘plains meaning stations on the Tihama, ‘hills meaning stations on the western
escarpment and up to the watershed of the western wadis, and ‘ east’ meaning the mountain slopes
facingtheinterior. Itisnoticeablethat the‘plains stationstend to have the highest mean rainfall
on raindays. Figure 2.6 looks at the relationship with position in terms of the variability of daily
rainfals. There is atendency for the variability to decrease from west to east. No systematic
variation was found in the mean or its variability in the north south direction.

Itisgenerally believed that the rainfall occurs with higher intensity - and istherefore more likely
to produce floods- on the first mountain range encountered by amoist air massrising and cooling.
To alimited extent the west to east variation shown by these data supports this interpretation.

Thelinesdrawn on these graphs give anindication of the trend of the points; they are not intended
to imply a specific linear relationship.

Finally, Figures 2.7 and 2.8 illustrate a marked tendency for seasonal rainfall as a proportion of
annual rainfall to vary from west to east. The seasons chosen are March to May and July to
September, which together make up about 85% of the annual rainfall on average. On the Tihama
plain, rainfall tends to be concentrated in the second season. Further east, rainfall in the two
seasonsis comparable, and on the eastern facing sopes the first season predominates. Again, no
systematic variation was seen in the north-south direction.

These findings suggest that the flood-producing rainstorms do not vary substantially across the
region other than there are more of them in areas of high rainfall. Similarly, the mean storm
rainfall appearsto be stable particularly in a north-south direction, indicating that we should see
similar floodsin al the catchments of thewestern escarpment. Unfortunately, thisanalysisisleast
effective for the southern wadis where information is generally sparse. Some additional records
for these wadis are reviewed and discussed in Chapter 5.

Later in this report we discuss the importance - and the difficulty in describing - some few
exceptional floods that seem to occur primarily in the months March to May. This analysis of
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rainfall has not encountered any daily rainfalls that might be considered exceptional. However,
this analysis is concerned with the characteristics of rainfall at a station. It is possible that
exceptional floods, including those that give rise to the annual maximum peak discharge, are
caused not by exceptional rainfalls at a point but by the coincidence of rainfall occurring over a
wide area.

All attempts to identify a coherent pattern in the spatial correlation of rainfall have failed. The
network of stations, particularly those with good data, is very sparse and the correlation is highly
variable between pairsof stations. Whilethisdoes not negate theidea of exceptional eventsbeing
caused by widespread storms, the evidence must be found in adifferent way. Thisissueiscarried
forward in the next chapter where contemporary floods and rainfall are examined for Wadi Zabid.

RAINFALL ANALYSIS - MONTHLY AND ANNUAL RAINFALL

Annual rainfall

Severa very similar isohyetal maps have been drawn in previous studies[WRAY 35 and TSHWC
1992]. To get agenera appreciation of the variation of annual rainfall acrossthe region, we have
used the map developed by the Technical Secretariat of the High Water Council. Some minor
modifications have been made to accommodate the annual rainfalls derived from the 68-station
Set.

Map 1 showstherainfall distribution and the location of the stationsin the 37 and 68-station sets
superimposed on an approximate outline of the catchment areas of the wadis of includedin Phases
1 and 2 of this project.

Severa general features are important:

. thereislittlereliableinformation on therainfall distribution in the southern wadis and the
isohyets are lessreliable for these areas;

. differences between average rainfall in the Tihamawadis and also Wadi Tuban arelikely
to besmall; all these catchments benefit from some areas of higher rainfall, say > 600mm.
Only Wadi Bana and Wadi Hassan appear to be substantially drier than the rest.

We could infer that on grounds of rainfall alone, the al the wadisincluded in the project, with the
exception of Wadis Bana and Hassan, might be expected to have a similar flood regime.

Monthly rainfall

Monthly rainfall data have not been used directly in developing our understanding of the flood-
forming characteristics of rainfall acrosstheregion. However, they are useful in helpingto define
basefl ow and i ndi cati ve catchment averageshave been derived when needed from rel evant sub-sets
of stations. For reference the monthly average rainfall for the stations in the 68 station set are
listed in Table A2 in Appendix A.
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2.5

CONCLUSIONS

The analysis of regional records of daily rainfall show that thereis considerable order in the data.
In general the number of rainfall events is related to aggregate rainfall. This means that the
averagerainfall on awet day isthe approximately the same at all places. Some places are wetter
than others because it rains more often; not because it rains more intensely. A place in the
mountains with 750mm of rainfall annually has more days of rain than a place on the plainswith
150mm of rainfall. However, the average daily rainfall counting only the raindaysis found to be
approximately the same at both places.

Furthermore, the probability distribution of daily rainfall onraindaysissimilar for al places. This
meansthat rainfall can be considered asdrawn from asimilar probability distribution at any place
in the region. A daily rainfall of say 50mm can occur anywhere. It will occur more often at a
place with a high mean annual rainfall because there are more raindays and the therefore the
distribution issampled moreoften. Thedistributionsarevalid for all months; thereisno tendency
for high daily rainfalls to occur more or less often than would be suggested by the monthly
aggregate rainfall in any month.

Theserainfalls give rise to floods and it is not unreasonabl e to suppose that if the rainfall can be
described by somefairly straightforward statistical ideasirrespective of place, thenthe occurrence
of flood volumes in terms of their frequency and magnitude should be expected to follow some
similar general pattern.
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3.1

ANALYSIS OF FLOW RECORDS FOR WADI ZABID

AVAILABLE FLOW RECORDS

The Tihama Development Authority (TDA) have maintained the wadi gauging station at Kolah
since its construction in 1970. Water level is recorded by chart during floods; baseflows are
estimated from periodic current meter measurements. Various reports quote the monthly total
flows from 1970 and there are monthly summaries of baseflow and flood flow for the years since
1980.

In addition, TDA have abstracted records of individual floods from the charts. These records are
available only in hard copy and they do not appear to have been used in any detailed analysis of
the flood regime in any previous studies. Much of the analysis presented here is based on these
individual flood records.

The rating curve for Kolah remains unchanged; there has been only one curve since 1970. Its
origin is not yet established. It has the appearance of being derived by indirect methods and no
records of current meter measurements have been seen. As shown in Figure 3.1, the rating table
iswell fitted by a conventional rating equation viz:

Q (m¥s)= 63.05* (H (m) + 0.21)""

Also, a curve derived by Manning's equation (for a rectangular channel 45m wide, ‘n’ value of
0.05, and slope of 0.01) suggests that the curveis of realistic shape.

The channel cross-section is controlled by hard rock cliffs on both sides. The only variableisthe
height of the bed. That comprises coarse to fine sediments with some larger material. Itislikely
that the whole bed is mobile during floods. It is not known whether there are long term shiftsin
the average elevation of the bed. However, the presence of some exposed rock in the wadi bed
further downstream would suggest that large fluctuations are unlikely.

A cable way has existed at the site although it has not been used for some considerable time. It
is being rehabilitated by the Land and Water Conservation Project (LWCP) but is not yet
operational. Given that it will be some time before useful information is collected and having
regard to the difficulties of measuring high flows of very short duration, it is recommended that
the wadi be surveyed to a standard that will enable a rating curve to be derived by the ISIS
hydraulic model. Thisshould provide an adequate check on the existing rating curve pending an
accumulation of direct discharge measurements. If possible the ISIS programme should be run
with time-varying flow so that it can be established whether or not arating curve for falling water
level (flood recession) is different from that obtained using a steady-state flow simulation.

Flood flows cannot easily be measured accurately. The flow isnot constant for long enough for
velocity measurements to be made in many cross-sections. We must rely on extrapolated curves
or hydraulic analysis based on surveys and considerations of channel conditions. Thus it is
unlikely that the accuracy of peak floods is better than £25%. That is not to say an individual
measurement isinaccurate to thisextent, it meansthat we do not know whether or not it isaccurate
and the +25% is a measure of our uncertainty or our confidence in the measurement. In the
following analysis, in the absence of other information, it is assumed that the rating curve is
applicable for all years.

13
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3.2

During floods the water level (stage) is recorded by chart recorder, but only when the discharge
is sufficient to ensure that the stage is above the bottom of the float well of the recorder. This
threshold flow is of the order of 5to 10m®s. When the stage is below this threshold, nothing of
relevanceisrecorded. However, even when there are no floods, thereis baseflow that canin some
months be above the recorder threshold causing some trace to occur on the chart.

Flows above the threshold are interpreted using the rating curve of the station. The measurement
of baseflow isby intermittent current meter measurement independent of the chart recorder. These
two independent measuring procedures overlap in months of high baseflow, which are also the
months when floods most frequently occur. Thusthe*separation’ of the two components of flow
plays some part in determining the definition of aflood.

The staff of TDA, who carry out the observations and analysis for Wadi Zabid, determine the
baseflow at the start of a flood (indicated by a rapid rise in stage). The base flow is then
considered as aconstant flow ‘ beneath’ theflood. Theflood volumeisthen computed asthetotal
flow occurring above the baseflow, and the flood duration istaken asthe el apsed time between the
onset of the flood and the time when the stage returns to that corresponding to the assumed
constant baseflow.

All hydrograph separation into flood flow and baseflow is bound to be arbitrary to some extent.
Theimportant point isto follow aconsistent procedure and it appearsthat the procedure described
has been followed throughout the period of record for Wadi Zabid that is used extensively in this
report.

Two points follow from this description:

. since aflood event is not over until the stage returnsto the baseflow level or the recorder
threshold level, the event can include a number of flood components that arrive at the
station in this period;

. it is possible for more than one flood event to occur in the same day, providing the stage
returnsto the starting level between the two or more events.

TDA hasanalysed therecorder chartsby annotating the chartswith hourly water level duringtimes
of floods. Thisinformation isthen converted into alist of flood events for which the attributes of
volume and duration are listed. For part of the record, the peak dischargeisaso listed. Thereis
no digital version of the chart hydrograph and it is too time consuming to create one within the
constraints of this project, although we have abstracted hydrograph shapes manually in order to
review the detailed hydrographs of severa large floods.

REVIEW AND ANALYSIS OF THE FLOOD RECORDS

The record comprises flood events from 1982 to 2001, excluding 1985 when the recorder was not
operating after being drowned by the 1984 flood, and 1999 for which the record was not found in
thefile. Intotal, there are 818 floods recorded in this 18-year period, an average of 45 floods per
year, although many of these are insignificant in terms of effective spate irrigation.

The data comprising the date of occurrence, peak water level and flow, mean flow and duration
have been entered into an Access database [Zabid.mdb] for analysis and reference by others
requiring this information. The precise time of occurrence is known but is not entered into the

14
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database. Duringthisanalysis sometypescript errorsand somearithmetic errorswerefoundinthe
computed figures for flood volume, and these have been corrected. These correctionsresultin a
decrease in the reported annual flood volume of about 6%.

Comparison of the three flood attributes - volume, peak and duration - showed no clear inter-
relationship. Figure3.2 comparesflood volume and peak discharge, the pointsbeing col our-coded
into ranges of flood duration. The absence of aclear relationship between peak and volumeisnot
unexpected. Floods arising from rainfall near the mountain watershed will be attenuated during
their travel to Kolah. The peak discharge will be reduced and the duration of the hydrograph
lengthened. In contrast, floods arising from somewhere much closer to Kolah might have ahigher
peak discharge (and be of shorter duration) even when the flood volumeisless. Therelationship
between peak, volume and duration therefore depends on where in the catchment the flood-
producing rainfall occurred.

The number of floods appearsto be related directly to aggregate flood volumes on amonthly and
annual time scale. Thisisillustrated in Figures 3.3 and 3.4. Datafor the years 1983, 1984 and
1994 are seen asoutliersonthe general relationshipin Figure 3.3. The high volumesintheseyears
are attributable to a few very large floods mainly in the months March, April or May. We shall
call these exceptional floods and discuss them further, later in this report. The impact of these
floods can also be seen in Figure 3.4 where the points for April and May plot significantly to the
right of the general relationship indicated.

The probability distribution of flood volumes, shown in Figure 3.5, is found to be well fitted by
thelog normal distribution. Thisisaskewed distributioninwhich thereareafew largefloodsand
very many more smaller floods. In these circumstances the mean is not an appropriate or useful
measure of the expected val ue of the next event. Many lower than average eventsare balanced by
relatively fewer high values. In thiscase, the median is a better measure of the expected volume
of the next flood, and the median of about 0.38 million m® (mcm) is substantially less than the
mean value of 0.7mcm.

A consequence of this statistical description of the flood volumes is that the number of floods
above a given threshold volume declines rapidly from about 45 floods per year (no threshold
volume) to lessthan five floods per year each having avolume exceeding 2mcm. Thetotal annual
volume of these floods declines from about 30mcm (no threshold) to around 10mcm for floods of
2mcm and more. This is illustrated in Figure 3.6. Thus the number of floods that might be
expected to pass down the wadi through the full system of diversion weirsisrelatively small.

Thefrequency of floodswith peak dischargesin variousrangesisshownin Figure 3.7. About 80%
of floods have a peak discharge of less than 100m?/s.

Estimating the duration of aflood is difficult given the measuring procedures described above.
Thus we should regard the duration data more as an indication of duration rather than a precise
value. Nonetheless, Figure 3.8 showsthat duration can be related approximately to flood volume.
Unfortunately, peak dischargeisnot well related to volume or duration and, aswas seenin Figure
3.2, the peak discharge cannot serve as an indicator of the volume or duration of aflood.

It isreported that some farmers perceive areduction in flood duration over the years. However,
itisdifficult to substantiate thisastheideaof flood durationisnot precise. Thereislittle evidence
of achange in flood duration as estimated by TDA from the records at Kolah, and it is arguable
that thefarmersare seeing areductionin the period of flood flows caused by the greater efficiency
of diversion. This might follow from weir operations or from greater use of earth moving
equipment to provide additional temporary diversions.
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ASSESSMENT OF THE OVERALL RESOURCE AT KOLAH

While the most effective way of analysing the true potential for irrigation is through simulation
using the SMM, the flows available to the SMM still have to be scaled according to the expected
long-term volume. The flows generated for use in the SMM will encapsulate all the variability
seen in the data on which they are based but it is necessary to establish the scale of the resource
first.

Baseflows are measured intermittently (usually more than once each month) by current metering.
A pseudo daily record is obtained by linear interpolation, and the results are presented by TDA as
amonthly time series. The intermittent observations are not sufficiently frequent to analyse the
recession curves effectively in terms of storage. After 1997 the frequency of measurement
declined sharply and there are insufficient observations of baseflow to compile acomplete record
for subsequent years.

However, using the data up to 1997 as well as the flood volumes compiled as monthly totals we
can review thetotal resource available at Kolah asatime series. The early records (from 1970to
1979) are available only as monthly total flows; there is no breakdown into baseflow and flood
flow.

The time series of annual total flow at Kolah is shown in Figure 3.9. The range of annual total
flowsisvery wide - from lessthan 50mcmin 1991 to well over 200mem in 1975 and 1977. There
is also a steep decline in flow from the late 1970s to the early 1990s since when there has been
somerecovery. Estimating the mean annual total flow likely to be availablein the future depends
on the interpretation of these data.

Anindex of catchment rainfall has been derived to assist thisinterpretation. Data are used from
six rainfall stationsin and around the catchment area but excluding stations on the TihamaPlain.
Thisindex rainfall seriestogether with the annual percentage runoff (total annual flow expressed
as a depth over the catchment and divided by the annual rainfall) is shown in Figure 3.10.
Unfortunately, there are too few data to define a rainfall index for the years 1989 and 1990.
However, the impression gained is that the annual percentage runoff declines from about 7% in
the 1970sto about 5% in the 1980s. There was some increase in 1994 but the value has reverted
to around 5% thereafter.

Figure3.11 showsthe breakdown into flood flow and baseflow where these dataare available, and
Figures 3.12 and 3.13 show comparable time series for the two main wet seasons. March to June
and July to October. Both flood flows and baseflow are seen to be depressed in the late 1980s and
early 1990s. Thereafter, baseflow rose significantly perhaps in response to higher rainfall,
although with the exception of 1994, flood flows did not increase. Figure 3.14 showsthat annual
total baseflow isresponsiveto rainfall. The average monthly distribution of flood and baseflows
isshown in Figure 3.15, based on datafor 1980-94. In total the flood flows amount to about 30%
of the total.

Much of our perception of thetrend in the total resource at Kolah depends on the accuracy of the
high values observed in the 1970s. The high value for 1977 is caused by very high flows in
November and December, that in 1975 by an exceptional flow in August. While some of the
monthly values ook unrealistic in these early years, it would be unreasonabl e to reject these data
without more detailed evidence. The 1980swere perceived by Y emenisto be drier than average,
implying that the 1970s were wetter, although the rainfall data do not appear to support this
perception.
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It is clear that there is no simple answer to the question of the long-term resource available at
Kolah. It ispossiblethat the annual total flows declined not as aresult of lower rainfall, but asa
result of lessrunoff for the samerainfall. Thischange over time could result from increased water
capture and use in the catchment area above Kolah. Indeed, the odd result for 1994 could have
followed from the political events of that year having some impact on the agriculture activity in
the area. It isalso possible that there are variations in annual rainfall that are not ‘seen’ by the
small sub-set of stations used in constructing theindex rainfall, or that there are errorsin the early
flow records.

It would be prudent to make some allowance for this change in runoff even though it cannot be
fully explained at the present time. A detailed study of the water use in the mountain catchments
should establish the likely impact of upstream agricultural development on the surface water
resource available to the spate projects on the plains, a question of wider significance.

We recommend that data for the period 1980-97 should be used to represent the present runoff
conditionsfor planning purposes. The average annual runoff isabout 109mcm/year, substantially
less than the often quoted 131mcm/year that derives from the mean from the 1970-97 record,
although we have shown that part of the reduction (about 6%) arises from corrections in the
calculation of flood volumes.

The variations in the possible interpretation of average flows, together with the inter-annual
variability shown by these data, indicate clearly that irrigation from spate flows alone cannot be
reliable for more than a very limited area. The conjunctive use of surface and groundwater is
inevitable, especialy if perennial crops are grown. We have shown that the skewed distribution
of theindividual flood volumes makesthe use of mean monthly and annual volumesinappropriate
for planning, yet much of the literature quotes the 1970-1994 or 1970-97 mean monthly statistics
as representing the resource available.

Only in the long-term, and with conjunctive-use, can a high efficiency of water utilisation be
achieved. During high floods, the surplusthat cannot be fully controlled for immediateirrigation
can recharge the groundwater storage. Thiswater becomes available for future use by pumping.

LOSSES BETWEEN KOLAH AND WEIR 1

The TSHWC database contains afragmentary daily record of baseflow measured at Weir 1 aswell
as contemporary record of flows at Kolah. The record coversthe period 21 May 1987 to the end
of that year, and thedaily flows arein fact interpol ations between intermittent measurements. The
reason for these measurements and the circumstances under which they were made is not known.
However, they are the only data we have found relating to flows at the weir.

These data suggest that losses amount to between 10 and 15% of the flow at Kolah in the 20km
reach between the two locations.

There are several issues that makes interpretation of these figures somewhat speculative. Some
baseflow (and to alesser extent some proportion of thelow floods) is probably diverted by farmers
along the wadi as well as infiltrating to some extent into the wadi bed. A further issue is the
relationship between wadi flow seen on the surface and flow in the gravels and sediments
comprising the wadi bed. They are both part of the same total baseflow. Thisflow could appear
on the surface in some places and be entirely contained in the wadi bed sedimentsin other places.
The configuration of the near-surface geology is all important in determining whether baseflow
isforced to the surface or not. Whilethereissome evidence of rock barsin the gorge at the Kolah
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station, it is not known whether or not the conditions exist for subsurface baseflow further
downstream where the wadi enters the alluvium of the Tihama.

There is no information on losses during floods.

FLOOD HYDROGRAPHS

Rainfall occurs as more or less distinct events with duration of afew hoursor less. These events,
which cover an areathat issmall relative to the size of the catchment might occur sequentially on
one part of the catchment, or on a number of separate parts of the catchment at the same or
different times. If these events are sufficiently intense to cause runoff, aflood will be seen at the
mountain foot. It followsthat thisflood can be made up of anumber of distinct flood components
resulting from the rainfall events described.

Review of the charts from the water level recorder at Kolah shows that many of the flood
hydrographs are complicated and difficult to describe in simple terms. They appear to contain
several componentsthat we assume derive from rainfall events on different parts of the catchment
within the duration of the flood. Theinitial rise time of the flood cannot be identified precisely;
the chart scale is such that times of |ess than one hour cannot be distinguished clearly given that
the trace is usually blurred.

Some disaggregation of thetotal flood hydrograph into its components can be madeif anidealised
form of flood is postulated. Here we have used the idea of alinear reservoir in which outflow is
directly related to storage. If the runoff occursin a short time (of the order of the timeinterval of
the analysis) then the runoff can be regarded as an instantaneous input into the linear reservoir.
Outflow will occur until the reservoir is empty and it will follow the form:

q;= d, * exp (-6t/k)

where g is discharge and Kk is the time constant governing the decline of flow

If kis1, the discharge will reduce by afactor of e (2.718) in each timeinterval.

Figures 3.16to 3.19 show how thissimpl e disaggregation procedure can be applied to the complex
observed hydrographsfor four different flood events. A timeinterval of 1 hour isadopted in each
caseand theinitial risetimeisfixed at one hour . The graphs have been plotted with discharge on
alogarithmic scale so that the idealised hydrographsfrom the linear reservoir appear astriangular
shapes. |n each case the observed hydrograph (in red) can be matched very closely by postulating
afew components, usually three or less, although five components are needed to match the flood
of 17 April 1988. Theindividual components are shown in blue and the sum of these components
in black.

The components making up a single flood event can be quite different in the rate of decline of
discharge. They each have adifferent time constant, k. The short, steeply declining, components
have a time constant of the order of 1 to 2 hours. The longer, gradually declining, components
have time constants as long as 22 hours. A summary of the components found in the four floods
analysed in thisway arelisted in Table 3.1 below.
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Table 3.1 Summary of the flood component parameters for the floods analysed

Component volume (mcm)

A B C D E Total
24-Jul-1994 3.0 (53%) 1.6 (29%) 1.0 (18%) 5.6
17-Apr-1988 2.0 (52%) 0.3 (9%)  0.5(12%) 0.9 (24%) 0.1 (2%) 3.8
18-Sep-1993 1.4 (67%) 0.7 (33%) 2.1
16-Jul-1994  0.5(19%) 0.6 (21%) 1.4 (54%) 0.2 (7%) 2.7

Component peak discharge (m®/s)

A B C D E Max Hydrograph peak
24-Jul-1994 393 299 32 393 393
17-Apr-1988 187 9 104 250 10 250 265
18-Sep-1993 282 19 0 0 282 282
16-Jul-1994 116 11 119 6 119 131

Component time constant (hours)

A B C D E
24-Jul-1994 21 15 10.0
17-Apr-1988 2.9 16.0 1.2 1.0 25
18-Sep-1993 14 15.0
16-Jul-1994 12 22.0 3.3 13.0

A possible explanation of thisrange could be related to the distance of the rainfall event from the
wadi measuring station. Floodsarising from rainfall in the more distant parts of the catchment are
attenuated (the peak isreduced and thetime base lengthened) before arriving at the station. Floods
derived from local rainfall are not attenuated and appear as short, high-peaked componentsin the
flood hydrograph.

There are other possible explanations. The short, high-peaked events could result from more
intenserainfall over asmall area, whilethelonger flood components might result from lessintense
rainfall over awider area.

It could be argued that the components with long time constants should be regarded as part of the
baseflow. Usually, baseflow arising from deep storage and manifested through springs or seepage
into the wadi bed has atime constant measured in days if not months. In these wadis the source
of the baseflow isnot well understood and it is possible that it derivesfrom shallow storage (inthe
wadi bed and associated alluvial units) where shorter time constants might berelevant. Insufficient
data are available to evaluate whether or not a flood arising in the distant headwaters of the
catchment would be attenuated sufficiently to appear as one of the longer components when it
reaches the mountain foot.

Some work by Bertrand (1980) on Wadi Bana and Wadi Hassan suggests a compound standard
hydrograph where the time constant is changed (increased) when the discharge declines to one-
third of the peak, and again when the discharge declinesto one-tenth of the peak. Thiscompound
recession is conceptualised as rapid and slower ‘drying out’ periods, referring to the drainage of
water temporarily stored in the alluvium of the wadi bed.

We are unable to distinguish clearly the merits of the disaggregation approach or the ideas put
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forward by Bertrand. There are hydrographs that could be used to support either interpretation.
Difficulties arise primarily because the total hydrograph is not continuous; flood flows and
baseflows are measured independently in different ways and the baseflow measurements are not
sufficiently frequent to allow short term variations to be identified.

CONCLUSIONS

The description of floods put forward in this chapter has strong similarities to the description of
rainfall in the previous chapter. In both casesindividual events can be seen to be well described
by a skewed distribution such asthe log-normal. The numbers of events are related to aggregate
totals and show consistent relationships applicable at annual and, more importantly, at monthly
timescales. There are no discernable variations during the year. Some months have more floods
than others, but the total volume in these monthsis also higher.

This simple description can be used in some form of simulation model to generate sequences of
floods provided we have some information on the number of floods (or the average volume)
occurringineach month. It remainsto be seento what extent thisinformation istransferrablefrom
one wadi to another and the extent to which the probability distribution of flood volumes can be
regarded asaregional characteristic. Indicationsfromtherainfall analysisarethat thesimilarities
in the statistical description of rainfall suggests that similarities exist between floods over many
of the wadisin this project.

Other attributes of floods such as the peak discharge and the duration of the flood - all of some
importance in the management of a spate scheme - are less well related to each other or to flood
volume. Thisisnot surprising; if we follow the description of rain storms as covering relatively
small areas of the catchment, it follows that floods appearing at the mountain foot will have
travelled from different parts of the catchment. Their hydrographs will have been transformed
(attenuated) by different amounts, and it is likely that several floods will merge into complex
hydrographs by the timethey reach the gauging station. One possibleinterpretation of some of the
hydrographs for Wadi Zabid shows how the more complex floods could be considered asthe sum
of anumber of identifiable component floods.

Theissue of thereliability of the resource, both flood and baseflow, begs many questions. There
are indications of variations that cannot be ascribed to rainfall alone, although the sparse
distribution of rainfall stations makesthe areal rainfall estimate suspect. Three explanations are
possible: either therainfall wasmore variablein timethan indicated by the dataavailable, or there
are variations in the amount of water harvesting (terraces, small dams) and use in the catchment
area, or there are errors in the data that invalidate the time series. This issue cannot be easily
resolved although some view has to be taken as to the resource in planning terms.
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4.2

FLOOD AND BASEFLOW SIMULATION

INTRODUCTION

A simulation procedureisneeded to generate or extend observed sequences of flow recordsfor use
with the Spate Management Model. In the case of Wadi Zabid where there are reasonably good
records, the emphasis is on extending the length of record; in others, notably Wadi Tuban, the
records are extremely sparse and the emphasisis on generation of realistic flood sequences from
very little and very general information.

The SMM requires flood hydrographs and baseflows to be specified on a short time scale. [The
precise time-scaleis not yet known, but it islikely to be lessthan one hour]. We have seenin the
previous chapter that even when hydrographs have been recorded, it is not possible to identify a
generalised shapethat could beregarded asatypical flood. Itissensibleto separatethe simulation
process into two parts - prediction of the volume and duration of flood events, and using these
flood attributes to derive a continuous hydrograph for the SMM.

Thus the model described in this chapter is concerned with the simulation of flood events, their
volume and duration, and with the simulation of acontemporary baseflow sequence that has some
(small) correlation with the flood flows. Because short-term fluctuations of the baseflow are not
known, monthly values are simulated.

Further details of the model operation and its linkage with the MIS and the SMM is given in
Appendix B.

THE MODELLING APPROACH

Floods are caused by rainfall that occurs as storms covering only afraction of thewadi catchment.
But the rainfall measurement network is sparse, and the records are not of high quality especially
in the past decade. Asaresult, it isnot possibleto relate more than afew of the observed floods
to contemporary observed rainfall events. Even inthesefew casesit isfar from clear whether the
rainfall observed is agood measure of the magnitude of the rainfall causing the floods.

In the past, rainfall-runoff models such as the SCS Curve Number model [TSHWC 1992] have
been used to generate flood eventsfrom daily rainfall recordsin the catchment area of the Tihama
wadis. More recently, [Komex, 2001], asimilar model has been used on the Tuban catchment to
generate flood series for studies of groundwater recharge.

These model s take account of the permeability of the catchment by defining zones where runoff
isproduced and whereit is absorbed. Curve numbers can also be adjusted for antecedent rainfall
conditions. But, ultimately, it is the short-term (daily) rainfall data that drives the model and
producestherunoff. If the network of rainfall stationsissparse, it followsthat therainfall causing
some floods will be missed and that there will be considerable difficulty calibrating the model.

Komex reported that simul ated flows matched the observed record poorly, although thetotal runoff
compared reasonably well with the observed total. When the number of floods and the statistics
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of flood volume areimportant, asthey must be in aspate management context, it appearsunlikely
that conventional rainfall-runoff modelling will yield areliable solution without avery substantial
increase in the density of the rainfall station network, an unrealistic expectation. A different
approach is needed, onethat is not dependent on the direct ‘ flood by flood’ linkage of rainfall and
runoff.

The approach adopted in this study isbased on the recognition that rainfall-runoff modelling does
not offer a simple solution to the problem of predicting the flood regime of wadis where flood
records are scarce or non-existent. It iseasier, more direct and probably more reliable to define
ageneralised statistical description of floods similar to the statistical description of rainfall. This
approach can also benefit from being regional. Just as the description of rainfall can be based on
records from the whole network, a description of floods can be strengthened by looking at the
records from several wadis, particularly those with good flood records covering a period of
decades. In thisway the short or intermittent records can be used to scale the flood description
defined from the longer records.

SIMULATION OF FLOOD EVENTS

General considerations

From our analysis of the detailed records from Wadi Zabid, it is possible to characterise the flood
regime from two findings:

. both annual and monthly flood volumes are closely related to the number of floods;

. the volume of observed flood events can be described by a skewed distribution such asthe
log-normal distribution.

Because the monthly flood volumes are directly proportional to the monthly number of floods, it
appearsthat thefloods at any time of year can be considered as samplesfrom aparent distribution.
We discuss below a possible exception to this general description for occasional large floods in
theMarch, April or May. Inthegeneral case- what might be termed the normal floods- it follows
that the monthly occurrence of floods can be described either by the expected number of floods
or by the expected volume; they are inter-rel ated.

Thedistinct seasonal pattern of flood events can usually be described from historical records, even
from quite sparse records. There is little correlation between the flood volumes observed in
successive months. Thus, it isunnecessary to provide serial correlation componentsin any model
of flood occurrence.

The exceptional floods are experienced on all wadis. They arethe floods of memory bothinterms
of large volume and peak discharge, and they usually occur in the period March to May. Inthe
analysisof the datafor Wadi Zabid described inthe previous chapter, they affect theflood volumes
for 1983, 1984 and 1994 and appear as outliers on the graphs where the ‘normal’ years show
reasonably consistent relationships between volume and number of floods. The high flood
volumes of 1983 and 1984 resulted from single exceptional floods on 27 April and 25 May
respectively. The high volume in 1994 derived from a succession of medium-sized floods in
August and September, none of which could be regarded as exceptional.

The flood of May 1984 was partially recorded in the data set of individual floods provided by
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TDA. The peak water level was well known - about 8m - and the discharge of about 2800m®/s
over-topped the emergency spillway at Weir 1. Thevolume of thisflood islessreliably estimated
at about 36 mcm, of the same order as the annual average flood volume.

In Wadi Tuban, similar exceptional floods are reported as occurring on 29-30 March 1982 (peak
discharge variously estimated between 4000 and 6000m?/s but subsequently revised to 2640m?/s)
and 24 May 1977 (2150m%s). A similarly memorable flood is noted for Wadi Rima (19 April
1976) with a peak flow of about 1000m?/s.

Little is known about the genesis of these floods. 1n most cases their volume is not known, and
there are too few recorded to be able to describe them in terms of a statistical distribution or even
frequency of occurrence. Whilethey havelittleimpact on the number of floods experienced, their
volume isimportant and their impact is probably highly significant in terms of the distribution of
spate water across the project and possibly in recharging groundwater. They are therefore
modelled as an additional isolated and infrequent events.

We have chosen to define the seasonal distribution of floodsin terms of the mean and variability
of themonthly number of floods, and the model works by assigning volumesto these floodsdrawn
fromaprobability distribution of flood volumes. Thisshouldresultingreater model stability given
occasional exceptional floods. An single exceptional flood increases the monthly count only by
one even though it might increase the monthly volume by several times the mean.

The simplest case

Considering first a situation where much is known: Assume, for example, that the mean and
variability of the number of flood eventsis known by calendar months asit isfor Wadi Zabid. It
follows that a model can be constructed generating numbers of events that can be assigned
attributes such as volume from the known probability distribution of volumes. The procedureis
described below with reference to the diagram on the following page:

In Yearl the number of floods in each month can be found by sampling (drawing a
random sample from) a distribution defined by the known mean and standard
deviation. Here, as in other parts of the model, the distribution is skewed (large
values occur less frequently than small values). Whichever distribution is chosen, the
result is a number of flood events for each month of Yearlas shown in the diagram.

The diagram highlights August and shows how, for example, the 6 floods for August
can be assigned to days in the month at random or in some other more structured
way, and a volume can be assigned to each flood (V22, V23 and so on in the
diagram) from the known statistical distribution of flood volumes. This ‘parent’
distribution is sampled sequentially for each flood event - V22 is the 22" event of the
simulation in this illustration.

The procedure is continued into Year2. In this case August has only 4 floods and
these are assigned to days in the month and associated with flood volumes drawn
from the same ‘parent’ distribution of flood volumes. This procedure can be continued
for each month of the desired period of simulation.
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Year 1

month J F M A M J J August S O N D Year
number of floods 0 0 3 5 5 1 7 6floods 10 3 0 0 40

|

days of month 2 5 6 9 22 30

flood volume V22 V23 V24 V25 V26 V27

Year 2

month J F M S O N D Year

A M J J August
3 5 0 3 4 floods 8 4 1

days of month 10 12 23 25
flood volume V55 V56 V57 V58

o

number of floods 1 0 2 31

If summary statisticsare prepared from the ssmulated data, it is possibleto verify that the outcome
iswhat is expected. The mean number of flood events and the aggregate flood volume for each
month should be close to the values indicated by the observed data from which the parameter
valueswereestimated. Increasing thelength of the simulation period makesit morelikely that the
sample statistics (the mean annual flood volume for example) will converge on the expected or
‘population’ valuesimplied by the parameter set. The simulation hasnot determined thesevalues;
they were specified in advance. Thesimulation model isdesigned to produceamoredetailed time
sequence of flood events from the resource estimates given.

Other tests can be performed to check that the program is behaving correctly and to check that the
model can reproduce any other characteristic of the flood record reasonably well. These checks
are presented and discussed below.

Exceptional floods

As little is known about these events whose occurrence appears to be confined to the months
March to May, they can be described and included in the ssmulation only in very general terms.
We have described them simply in terms of an expected mean volume and standard deviation and
allowed for adifferent probability of occurrence in each of the three months. These probabilities
are kept low to ensure that on average one of these exceptional floods appearsin the record about
once every five to fifteen years on average.

This component of the model must be regarded as speculative. The description of these
exceptional events, and therefore the description of them in a statistical model, can be improved
only by more robust monitoring over along period. Thisislittle help inthe shortterm. They are
included because of their likely importance in spate management, both in terms of routing the
floods safely through the system, and in terms of their likely importance in water spreading and
recharge of the groundwater storage. Their infrequent occurrence meansthat the SMM will need
to be run for fairly long sequencesin planning mode if arepresentative number of these eventsis
to be modelled.

When there is less information

The minimum information required to run the model is the average monthly distribution of flood
and baseflow volumes, although not even thisinformationisavailablefor Wadi Tuban. Themodel
also needsameasure of the monthly variability of either the number of floods or the flood volume.
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However, thelatter requirement could be met by a generalised relationship derived from the Wadi
Zabid records.

Intuitively, the variability of the number of floodsis expected to be higher in months having fewer
floods. Figure 4.1 showsthat thisistrue for Wadi Zabid. The CV of monthly number of floods
can be well described by an inverse logarithmic relationship with the monthly number of floods
(or theflood volume). Thisisavery similar relationship to that found for rainfall, and we might
suppose that it holds for all wadis.

Thus, we have defined two versions of the mode!:

. Version 1 where the mean and CV of the monthly number of floods can be defined from
the data;

. and Version 2 where the variability of the monthly number of floods is defined by the
relationship

CV(n) = 1.519 * n0408 (from Figure 4.1)

where n isthe mean number of floodsin month m, and the parameter values refer to Wadi
Zabid

Duration and peak of flood events

The duration of flood events is a difficult concept. The receding flood flow merges with the
current baseflow and separation into flood and baseflow isan arbitrary procedure. Even for Wadi
Zabid, the charts have not been digitised and the flood volumes and durations used in our present
analysis are based on the interpretation of each flood by TDA. They in turn are hampered by the
fact that the chart record does not cover the full range of flow at the lower end, and when baseflow
is not sufficient to cause a trace on the chart, there is effectively a‘gap’ between the flood and
baseflow records.

Figure 3.8 inthe previous chapter showed that thereis some correl ation between flood volume and
duration for individual floods. The scatter is probably due to the fact that many hydrographs are
compound shapes made up of anumber of flood components arriving from different parts of the
catchment at different times during the event.

Nevertheless, an estimate of duration can be derived from this equation, which for Wadi Zabid
takes the form:

Duration = 13.1 * Volume %%

where duration is measured in hours and volumes in million m* (mcm).

SIMULATION OF BASEFLOW

Thereismuch conjecture and little hard evidence for the baseflow regime of thewadis. Itisclear
that baseflow is highly seasonal and generally uncorrelated from year to year. This lack of
persistencearguesagainst alarge hard-rock/spring sourceand infavour of fairly extensive shallow,
probably aluvial, storage that is replenished and drained on a regular seasonal or shorter-term
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cycle. Replenishment of the storage could derivefrom small floodsthat aretotal ly absorbed before
they reach the catchment outlet and by any other runoff that isless concentrated than would merit
the description of aflood. Some proportion of the larger floods is also likely to contribute.

Annual baseflow isrelated to annual rainfallsshownin Figure 3.14. Thereisalso some substantial
increase in baseflow following periods of floods that cannot be defined from the rainfall records
alone.

Given these considerations we have derived a baseflow simulation procedure with three
components:

. a proportion of monthly catchment rainfall;

An index of catchment rainfall can be derived from available records. This can give
a mean and variability of catchment rainfall for each month. Again, the distribution
for each month is seen to be skewed and this can be approximated by assuming a
log-normal distribution when deriving samples during the simulation. It is not
necessary to put excessive effort into scaling the index rainfall precisely as any error
can be compensated for by adjusting the percentage forming baseflow.

. avolume related to the ssmulated flood volume for each month;

It is not intended that this volume should be subtracted from the flood volume. The
floods are already scaled to reproduce the volumes seen at the wadi gauging station
at the catchment outlet. Rather the flood volume is used to scale a contribution that
derives from intermittent flood events that are not necessarily or directly related to the
total rainfall.

. asmall persistent component that is allowed to vary from year to year.

This component is added because itis otherwise impossible to simulate the observed
baseflows during the dry season. Whether there is a real longer-term component of
baseflow is not known. It is possible that this component is a substitute for full
baseflow routing that is impractical when working at a monthly time-scale.

We have introduced atime lag, measured in days, that allows the monthly simulated baseflow to
be pushed forward intime. Thisisasubstitute for full baseflow routing that would be used if the
time scale was shorter, and it smulates the delay inherent in outflow from a storage that is
gradually draining. Replenishment of the storage in August, for example, will result in baseflow
at the catchment outlet days or possibly a month or two later on average.

There is no information available on the short-term fluctuations in baseflow; measurements are
made at irregular intervals of several days or even weeks. No attempt has been made to invent a
variation that cannot be substantiated.

Thebaseflow model with these componentsisprobably over-parameterised; itismorecomplicated
than can be justified by the data available for fitting and testing it. The three components
described above are added because it would otherwise be impossible to reproduce the monthly
baseflow distribution seen. One reason might be that floods are a better measure of rainfall than
therainfall network itself, whichin Wadi Zabid is sparse and unrepresentative of therainfall inthe
middle part of the catchment.
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4.5

TESTING THE MODEL WITH WADI ZABID DATA

Model fitting and testing cannot be exact procedures. There are significant differences between
the data sets depending on which dataareincluded. For acomparison of floods, the simulated data
are compared with the statistics derived only from the records of individual floods and with the
statistics derived from all the data available.

Figures4.2to 4.9 compare the observed and simulated valuesfor flood and baseflow volumes, the
number of floods and the duration of floods. The observed data refer to the 18-year data set for
Wadi Zabid in the period 1982 to 2001. The simulated data are taken from a single 1000-year
sequence generated by Version 1 of the simulation model. This length of sequence is used to
reduce the impact of samples departing from the expected mean values entirely by chance.

Figure 4.2 showsthat the monthly flood volumes are reproduced reasonably well. Inthiscasethe
line‘Obs2' refersto wholelength of record starting in the 1970s, whereas* Obsl' refersonly to the
period for which dataonindividual floodsare available. Figure4.3 showsthat despitethefacility
for adding occasional exceptional floods in the months March to May, it is not possible to fully
account for the variability of flood volumes in these months.

In purely numerical termsabetter match could be achieved by increasing the mean value assigned
to the exceptional floods from the 25,000tcm assumed. We are reluctant to do this without some
direct evidencethat such largeflood volumesdo occur. Thereareno recorded hydrographsfor the
largest floods on Wadi Zabid. The volumes have been estimated.

Figures 4.4 and 4.5 are included for completeness. The model is based on a sampling procedure
using parameters based on the number of floods. It istherefore inevitable that the model should
provide a good fit to the data.

The predicted average monthly flood duration and itsvariability are shownin Figures4.6 and 4.7.
While the average flood duration is reasonably well predicted, the model is unable to reproduce
fully the variability in the months March to May. Thisagain isdue to the problem of exceptional
floods. Thefit would be better if exceptional floods of higher volume were allowed.

Figures 4.8 and 4.9 show that baseflow isreasonably well defined by the simulation model. There
is some tendency to underestimate the variability of baseflow, particularly in September and
October. No specific reasonfor thishasbeen found, but we believethat the differencesmight arise
from unusually high observations in 1997 that are not corroborated by high flood flows or
particularly high rainfall in that period. 1t might be significant that the completeness of the data
(the frequency of recording baseflow) declined significantly from thistime.

Table 4.1 summarises the results that are illustrated above. The observed values for flood and
baseflow volumes refer to the 1980 to 1997 ‘planning’ period recommended in Chapter 3. The
simulated values are from a 1000-year simulation. Thefirst set isfrom Version 1 of the model.
A second set is shown in the lower part of the table, smulated using Version 2 of the model.

[A record of the parameter values used in these simulations, together with the output data, is
held in the database Floods.mdb with identifiers ZD800 and ZD801 respectively]
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4.6

DEFINING THE FLOOD HYDROGRAPHS

This chapter has been concerned primarily with defining amodel that can describe thetime series
of flood events and the underlying baseflow in away that will allow short records to be extended
and some estimate made of the likely sequence of events in catchments where there is little
information. Floods have been described in terms of the volume of individual flood events,
baseflow has been defined as a monthly average flow. However, the SMM has to consider how
these flows might be managed so as to maximise the utility of the water resource, and to do that
requires some additional information about the shape of the hydrographs, particularly during
floods.

Some analysiswas introduced in Chapter 3 where hydrographs were interpreted for several of the
larger floods in the historical record for Wadi Zabid. It quickly became clear that there is no
simpleway inwhich hydrographs can bedefined. They arenot alwayssingle events; many exhibit
double or treble peaks, as separate flood components, probably arising from different parts of the
catchment, coalesce at the mountain foot.

At present there are no computerised records of the hydrographs available that would allow
detailed analysis leading to an algorithm that could be used to develop further the output of the
simulation model. And, it istoo time consuming to create this record within this project. Some
other, smpler approach must be found to meet the needs of the SMM.

[This work is continuing in an experimental way. Current ideas and a possible solution is
presented in Appendix C. Itisprobably useful to wait for some feedback from the SMM trials
before reviewing whether further improvements are desirable or necessary]
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Table 4.1

Summary of the model testing on Wadi Zabid

Version 1 simulation Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year
Flood volumes (mcm)
Observed mean 02 00 18 43 70 26 48 70 39 08 01 01 32.2
cv 42 42 33 20 18 14 09 07 13 18 42 34 0.6
Versionl simulation mean 00 00 07 38 59 27 50 80 47 12 02 00 32.5
cv 86 91 34 14 13 11 08 06 09 16 42 6.3 0.4
Version2 simulation mean 00 00 09 37 57 29 50 80 46 13 02 01 32.3
cv 68 00 33 13 12 10 08 06 08 15 31 83 0.4
Number of floods
Observed mean 01 01 09 46 63 44 73 122 71 18 04 02 45.4
cv 42 42 15 08 07 09 06 04 07 14 32 23 0.4
Versionl simulation mean 00 00 09 47 64 43 76 121 7.1 18 03 01 45.4
cv 15 08 07 09 06 04 07 13 32 0.2
Version2 simulation mean 01 00 09 45 64 45 74 123 71 19 03 01 45.4
cv 15 08 07 08 06 05 07 12 25 85 0.3
Duration of flood events (hours)
Observed mean 11 03 25 79 76 83 75 83 77 37 10 14
cv 42 42 15 07 06 07 05 03 05 11 29 26
Versionl simulation mean 04 02 6.0 107 124 82 86 86 85 65 1.7 05
cv 9.00 9.07 398 144 136 075 064 041 0.62 145 339 5.62
Version2 simulation mean 05 00 56 96 99 90 92 91 90 78 19 06
cv 54 00 15 05 04 04 03 02 03 07 23 40
Baseflow (mcm)
Observed mean 20 17 26 50 96 79 97 142 134 76 37 22 79.6
cv 06 06 12 06 08 06 04 05 06 10 11 o038 0.4
Versionl simulation mean 1.8 18 24 54 103 107 87 139 130 6.1 3.0 20 79.0
cv 04 06 06 06 05 05 05 05 04 05 07 06 0.3
Version2 simulation mean 19 18 24 53 98 104 89 140 130 6.2 32 20 78.8
cv 05 06 06 06 05 05 05 05 04 05 07 06 0.3
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5.1

APPLICATION OF THE MODEL TO OTHER WADIS

[This chapter in incomplete. Work is continuing on collection of data for the Phase 2 wadis.
It will be completed during the final input of theinternational Hydrological Analyst scheduled
for later thisyear]

INTRODUCTION

Theaim in thischapter isto apply the knowledge of the statistical characteristics of floods gained
from the study of Wadi Zabid to other wadis where the database isless detail ed and in some cases
where there is little information beyond an approximate knowledge of the monthly pattern of
aggregate flood volume.

It is worth considering the variations that might be expected between wadis, what reasons there
are that the flood distribution might be the same or why it might be different, and what impact
differences in catchment area or mean rainfall might be expected to have.

We showed in Chapter 2 that there are strong similarities between the statistical description of
rainfall between stations. The number of raindays above any threshold of daily rainfall is well
related to the aggregate rainfall on a monthly or annual time scale. In addition, the frequency
distribution of rainfall on raindays is broadly similar between stations. Thus, at a point in the
catchment, the flood-producing characteristic of rainfall should be similar. More floods should
derive from wetter parts of the catchment, fewer from the drier areas, and the scaling of floods
between catchments should be a matter of frequency and not necessarily the magnitude of
individual flood events.

What is not known isthe spatial scale of rain storms. Whether thereisa‘normal’ size, whether
this varies with amount of rainfall, and whether or not there is atendency for separate storm cells
to affect different parts of the catchment on the sameday. In other wordsit isdifficult to makethe
step forward to interpret the information available for point rainfall to the areal rainfall that
produces the flood.

We believe that storm cells are usually smaller, and in many cases much smaller, than the size of
the catchment. We have suggested that the exceptional floods that cause much difficulty in the
simulation derive from particularly widespread rainfall where much if not all the catchment is
contributing to the floods.

If for example the storm covers 100km? and its rainfall can be characterised by the record at a
hypothetical station somewhere in the area of the storm. Then a similar area with a similar
aggregate rainfall in another catchment might be expected to experience the same magnitude of
flood in terms of flood volume. If the magnitude of rainfall eventsis the same between the two
areas in different catchments, it follows that the magnitude of floods should be the same
discounting differences of catchment morphology.

If one catchment is bigger than another, we might expect to see more storms on the larger
catchment. Thus there should be more floods, but the distribution of flood volumes in the
individual floodscould still bethesame. Similarly, if one catchment has ahigher averagerainfall
than the other, the number of storms should be higher and again the number of floods should be
higher.
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Given these considerations we might expect that the number of floods will vary between
catchments although the frequency distribution of the volume of individual floods might not vary
much. If thisisthe casethen annual or monthly aggregate flood volumewill giveameasure of the
number of floods and the simulation model can be used to devel op arealistic time-series of floods.
Thusthe model can be used where only amonthly average flood volumeisknown. Obviously, in
cases where there is some more detailed record of flood history, the assumption of regional
similarity can be checked and verified.

Differences might arise if the catchment areas have a different shape and geomorphology. Many
consultants have used the ideas of flood-producing and flood-absorbing zones in the wadi
catchments. Where modelling has been done using the SCS model, these ideas have been used to
derive ranges of Curve Number which control runoff formation in these models.

Turning to baseflow, it has been much more difficult to define a suitable simulation procedure
because the short-term variations in baseflow are not well defined by the data. Baseflow is
measured intermittently and it is not possible to verify alternative ideas about itsvariation and its
relationship with flood flows.

This presents difficulties in attempting to transfer information from one catchment to another. It
might be true that baseflow is much more dependent on natural storage within catchments, the
extent of alluvial depositsin thewadi channels and the occurrence of other permeable formations
that store water on aseasonal time-scale. If thisisthe over-riding control on baseflow then there
islittleto be gained from aregional analysis, each catchment must be dealt with individually and
reliable simulation of baseflow must rely local observationsto scal ethe bal ance between flood and
baseflows.

Whilethedataavailablewill be used to support (or refute) theideasdiscussed above, it isclear that
considerable additional research could be done on many of these questions. Unfortunately, it is
not possible to follow up several interesting lines of enquiry in the limited time available in this
project, where the emphasis is on design and implementation.

REVIEW OF MONTHLY FLOOD AND BASEFLOWS

A summary of the monthly total wadi flow isgivenin WRAY 35. More up to date information as
well as the breakdown into flood and baseflow volumes has been sought from TDA who are
responsible for the observations on the Tihama wadis, and from NWRA who cover the southern
wadis. Where possible we have al so sought detailed information on the individual flood volumes.

[This process of data collection, review and verification is continuing. When complete, these
recordswill be summarised in an Appendix and used to complete the analysisin this chapter]

Using these records we are able to illustrate the seasonal distribution of flood and baseflows for
the wadis included in Phase 1 and 2 of this project.

Figures 5.1 and 5.2 show the monthly variation of total flow and its variability for the Tihama
wadis. Figures5.3 and 5.4 show a comparison between runoff from Wadi Zabid and from two of
the southern wadis, Tuban and Bana. Inthese graphsthe runoff isshown in depth terms (mm over
the catchment area) in order to remove the effects of different catchment areas from the
comparison.

The three Tihama wadis, Zabid, Siham and Mawr show similar seasonal patterns of runoff and
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comparable annual total runoff in depth terms. Datafor Wadi Rasyan isincluded (although this
wadi isnot in the project) to show theimpact of large runoff absorbing zonesin the catchment and
highly devel opedterraced agriculture. Thevariability of monthly runoff isal so consistent between
the three project wadis. The variability of flow in Wadi Rasyan tendsto be alittle higher than for
the other wadis. This might be expected when much of the base of the hydrograph goes into
storage or consumptive use and only the high floods reach the mountain front.

The comparison with the southern wadis is reassuring given that we need to transfer the model to
these basins. The general scale of runoff is the same as for the Tihama wadis, although thereis
a tendency for more runoff to occur in the second season (primarily August and September).
Again the level of variability is consistent with that observed for Wadi Zabid.

Thedistinct differencesin the seasonality of runoff in the southern wadisconflictswith the general
picture of rainfall variation described in Chapter 2 where there appeared to be a tendency for
rainfall in the first season (March to May) as a proportion of the annual total to increase from
west to east. However, this finding is based on analysis of data from the stations having 10 or
more years of complete record. None of these stations are in the catchment areas of the southern
wadis.

Unfortunately, the data available for the south are very short, mainly for the last few years since
1997. And even though these are modern recording stations, the records are not continuous.
Nevertheless, they are the only records available and, as Figure 5.5 shows, they do indicate a
markedly different monthly rainfall pattern for the southern wadis. The graph shows the
cumulative monthly rainfall expressed as a percentage of the annual total for each of the sub-
regionsidentified. The previous finding that rainfall in the March to May period increases (asa
proportion of the total) from west to east is also seen here. Stations on the Tihama plain see less
than 30% of the annual total by the end of May, whereas stationsin the east catch over 60% of the
total in the same period. However, the southern basins appear to experience the same pattern as
those in the Tihama plain where more rainfall occurs in the second season (July to October).
Although these results for the southern basins are taken from stations with very short and broken
records, the pattern is consistent between stations and can be taken to support the monthly pattern
of runoff seen in Figure 5.3.

Figure 5.6 shows the annual runoff in volume terms plotted against catchment area. The growth
of volumeisclearly not linear with catchment area, otherwise we might expect about 50mcm per
year from zero catchment area. A relationship wheretotal runoff volumeincreaseswith the square
root of area is indicated, which suggests that runoff is limited by the other factors that might
include geomorphological characteristics and the spatial distributions of rainfall, as well as the
possibility that the data are erroneous.

DISTRIBUTION OF FLOOD VOLUMES

Some dataon individual flood volumes are available for Wadi Rima. Although not as numerous
as the data for Wadi Zabid, they can be used to compare the flood statistics with those found in
Chapter 3.

Figure 5.7 showsthat the number of floodseach year islinearly related to the annual flood volume.
From inspection of the recordsit is clear that the data for the years after 1986 are partial records;
they do not include all the floods experienced in those years. The probability distribution of for
individual floods plotted in Figure 5.8 isseen to be very similar to that for Wadi Zabid. Thislends
support to the idea that the distribution might be used regionally to describe the flood regimein
wadis where there are insufficient records to define the distribution directly.
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5.4

APPLICATION OF THE MODEL TO OTHER WADIS

Wadi Tuban

[Thissectionisprovisional and might be adjusted followinginterbasin comparison of theall the
wadis when the data collection is completed. Also, we await access to the final Komex report.
Their model results might throw some light on the balance between flood and baseflow]

Theinformation availablefor Wadi Tuban amountsto aseriesof monthly total flowsfor theperiod
197310 1980, which give amean annual total flow of 1210mcm. Thereisno breakdown into flood
and baseflow. NWRA have given uscopiesof filesof 15-minutewater levelsrecorded at Dukame
from the new automatic data logger. These cover the periods:

01 Jan 2000 to 31 Dec 2000 - 13 fl oods
05 Jul 2001 to 05 Sep 2001 - 7 floods
11 Mar 2002 to 21 Apr 2002 - 2 floods

None of these data have been processed by NWRA, mainly becausetherating curvefor the station
has not been re-established, although a new cableway is under construction. Baseflow
measurements are not made on aregular basis.

To provide someindication of theflood volumeindicated by theserecords, we have used therating
curve derived by Komex (2001) to make an approximate assessment of flood volumes for the
complete record for 2000. This analysis needs to be refined when a new rating is established.
Therearedifficultiesof interpretation, similar to those arising on other wadis, becausetherecorder
zero is some distance above the wadi bed, and for some (short periods) baseflow is sufficient to
trigger awater level rise on the recorder.

Thisreview of the 2000 record indicates atotal volume of 33mcm during the period of floods, and
an average flood duration of 12.5 hours from the 13 flood events recorded. As there are no
baseflow records, it isnot possible to emul ate the kind of baseflow separation carried out by TDA
for the Tihamawadis. Thereforethis33mcm includes baseflow during 150 hourswhen flood flow
isindicated. The baseflow component could amount to almost 50% of this flow given that the
water level logger isactive only above aflow equivaent to 0.1mcm/hour. Therainfall recordsare
fragmentary and it is difficult to assess the rainfall for that year. However, there are indications
that 2000 was an average to wet year in the catchment area.

Several previous reports have quoted 50 to 60 floods per year for Wadi Tuban, though we have
found no reference to the division of total flow into flood and baseflow components.

Komex refer to a GDC (1981) report that indicates 50 floods per year measured at Dukame and
they also refer to an exceptional flood in 1989 (no date given) that washed away several historical
flow gauging stations. A later report by Northwest Hydraulic Consultants (1982) refers to an
exceptional flood on 29-30 March 1982 with an estimated peak discharge of 2800m3s.
Coincidentally, thisisthe estimated magnitude of the highest known flood on Wadi Zabid, whose
catchment areais comparable to that of Wadi Tuban.

Deriving parametersfor the simulation model islargely guesswork on the basisof thisfragmentary
and largely contradictory information, and any simulation must be regarded asa provisional basis
for planning until improvementsin monitoring and interpretation of records are made.

Themodern data, at east that for the year 2000, do not substantiate the flow volumesindicated by
the historical data and the number of floods recorded is a fraction of that suggested for the
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historical period. Recordsfor Tuban and Banado not cover the same period, and those for Zabid
and Tuban overlap only in the 1970s, and we have reservations about the record for Wadi Zabid
inthisperiod. Thus, it isnot possible to test the historical data directly with any other data set.

If the modern data are to be believed, the total flood volume is of the order of 15 to 20mcm per
year, occurring in 10 to 15 flood events mainly in the months August to October. In order to
reconcile these datawith the historical data, the baseflow must be of the order of 80 to 85 mcm per
year, or 75 to 80% of thetotal flow. We believe that thisistoo high given the typical values of 50
to 70% from the Tihama wadis. It is more likely that the modern record underestimates the
number of floods as some small floods might not be seen by the recorder, and while they might not
add substantially to the aggregate flood volume, they would significantly increase the number of
floods.

Given these uncertainties, our basic simulation for planning has been made on the assumption that
there are 35 floods per year on average and that the total resource amounts to about 90mcm per
year. Themonthly distribution of the number of floods has been adjusted tofit the seasonal pattern
of total flow, and a monthly rainfall distribution has been derived from eight stations in the
catchment using datafrom 1997 to 2001. Baseflow generation parameters have al so been adjusted
to give thetotal volume and seasonal distribution that isindicated by the historical record of total
flow.

Thesimulated total runoff volumeiscompared with the historical observed datain Figure5.9. The
line ‘pred35' refers to the assumptions described above. Flood flows and baseflows cannot be
compared as there is no information on the components of total flow in the observed records.

A further simulation was made with the number of floodsincreased to 40 per year on average. The
result is shown as line ‘ pred40’ on Figure 5.9. As expected, the simulated result moves closer to
the observed record, particularly for the peak flow months of August and September. This
additional simulation isintended primarily as a sensitivity trial, indicating the importance of the
basic assumptions about the number of floods. It is not intended that it should form the basis of
planning work until there is more direct evidence on the number of floods that are experienced in
present catchment conditions.

Table 5.1 summarises the results for these two cases.

[A record of the parameter values used in these simulations, together with the output data, is
held in the database Floods.mdb with identifiers ZD810 and ZD811 respectively]
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Table 5.1 Summary of the model application on Wadi Tuban

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

Base case - 35 floods per year on average
Flood volumes (mcm)

mean 00 00 01 13 27 27 39 60 56 10 02 01 234
cv 00 00 224 25 16 10 09 07 07 16 37 44 0.4

Number of floods

mean 00 00 00 16 35 40 56 89 84 15 03 0.1 33.9
cv 00 00 00 11 08 08 08 05 06 12 28 32 0.3

Duration of flood events (hours)

mean 00 00 02 76 93 92 95 90 93 68 17 10 9.3
cv 00 00 224 09 06 04 04 02 02 09 24 33 0.1

Baseflow (mcm)

mean 19 18 18 29 54 59 654 89 136 86 37 22 62.1
cv 05 06 06 07 07 06 05 04 04 04 06 07 0.3

Total runoff (mcm)

Simulated 1.9 1.8 19 42 81 85 93 149 192 96 39 23 85.5
Observed 09 05 03 46 88 89 124 277 310 95 3.2 1.7 109.5
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Sensitivity case - 40 floods per year on average
Flood volumes (mcm)

mean 00 00 04 14 28 26 54 71 59 10 01 o1 26.7
cv 00 00 81 23 15 10 08 07 07 18 57 46 0.4

Number of floods

mean 00 00 00 17 36 38 80 112 90 16 02 0.1 39.3
cv 00 00 00 13 09 08 07 05 06 15 52 41 0.3

Duration of flood events (hours)

mean 00 00 14 73 93 91 92 89 92 64 12 10 9.2
cv 00 00 79 09 06 04 03 02 03 08 29 36 0.1

Baseflow (mcm)

mean 06 05 07 32 64 64 79 161 183 92 24 09 72.5
cv o8 06 20 12 08 07 05 04 04 05 10 15 0.4

Total runoff (mcm)

mean 06 05 11 45 9.2 89 133 232 242 102 25 1.0 99.2
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6.1

6.2

EXTREME FLOODS

[At present this chapter coversonly theflood regimesof Wadi Zabid and Wadi Tuban. Further
data collection is continuing for other wadis. When this procedure is complete it could be
possible to review the findings presented herein a broader regional context.]

INTRODUCTION

Estimates of floodsof different frequency (or return period) are needed for the design of structures.
Inevitably, these estimates have to be based on a small sample of events and they are subject to a
large measure of uncertainty; estimating the 100-year flood from aslittle as 17 years of record is
bound to be difficult. Inthese circumstancesit isnormal to try to bring other information to bear
onthe problem of extrapolation. Thisinformation might beintheform of regional flood frequency
curvesor other techniquesof bringing together information from awider range of catchment areas.
Here we have made use of the regional flood frequency analysis carried out by Farquharson et a
(1992) based on 378 station-years of datafrom 30 stationsin Y emen and SW Saudi Arabia

Delft Hydraulics (2000) examined briefly the problem of peak flood estimation from the time
series of annual maximafor Wadi Zabid. Using datafrom the TDA records, they concluded that
thetwo highest floods are outliersto a(two-parameter) Gumbel distribution and that the 100-year
flood is about 2050m?/s. It was noted that the two highest floods both occurred in the early 1980s
and that annual maximum flood peaks have been substantially lower in al subsequent years.
However, it is also noted that the fuse plug of Weir 1 on Wadi Zabid has been washed out only
once, in 1984, as aresult of the highest flood on record.

FLOOD FREQUENCY CURVES

In arid and seasonally arid areas flood magnitudes increase rapidly at the higher return periods.
The slope of the curve and its upward curvature is than greater than would be found in temperate
latitudes subject to frontal rainfall whereit iscommon for the whole catchment areato experience
storm rainfall in the same period. In'Y emen, asin many tropical and sub-tropical countries, rain
stormsoccur asisolated cellscovering an areasubstantially smaller than the catchment area of the
major wadis. Thus there are two factors that influence the ‘growth’ of storm rainfall at longer
return periods. The magnitudeof rainfall inthe cellsincreases and the proportion of the catchment
area subject to the storm rainfall also increases. Thisresultsin rare storms such as that of 1982.
There are other mechanisms at work. For example, the unusua flood of January 1993 was
probably caused by a particularly strong influx of moist air from the Mediterranean. The
exceptional floods that tend to occur infrequently in the months March to May are perceived to
arise during several days of widespread rainfall.

Wadi Zabid

This analysis uses a similar approach to that described by Delft Hydraulics. The differences are
that some annual peak dischargeshavebeen adjusted for errorsof interpretation of therating curve,
and for arevised extrapolation to the maximum observed water level of 8m,additional data for
2000 and 2001 have been added; and a 3-parameter General Extreme Value (GEV) distribution
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is used rather than the Gumbel distribution, The GEV is more suitable in arid and semi-arid
conditions.

Perhaps the most significant change to the dataisto reduce the estimate of the peak discharge in
1984 from 2800m?*/sto 2620m?/s. Itisaccepted that thisdoesnot necessarily increasetheaccuracy
of the estimated discharge. The maximum water level onthisoccasionisitself an estimate given
that the water level rose above the level of the recorder, which was put out of action then and for
some time afterwards. However, a peak water level of 8m is accepted and the equivalent flood
peak of 2620m%/s is consistent with our extrapolation of the present TDA rating table.

The second highest flood (2370m%s in 1982) is understood to be based on an estimate from an
upstream location. It is impossible to say for certain whether this peak was attenuated as it
travelled to the Kolah station, or whether it was augmented by additional flood runoff from the
intervening catchment area. Thereforeits precise value should beregarded asless certainthan the
other floods in the annual maximum series. However, it is retained as a marker for some
intermediate high flood, and it should be accorded lessweight in any review of theflood frequency
curve.

The observed annual maximaare shown in Table 6.1 and thefitted distribution isshown in Figure
6.1. TheGEV curve shownisderived from the parametersfor Saudi Arabiaand Y emen published
by Farquharson et al. While some adjustment might be made to this curve, objective schemesfor
curvefitting are not useful when there is one or more floods of substantially higher magnitudein
the series. Estimates of the 95% confidence limits are shown on this and the similar graph for
Wadi Tuban. It isnot surprising that these confidence limits envel op awide range of values; the
records are short and they contain outliers.

The implied return period of the 1984 flood is alittle over 50 years. Sinceit isthe highest flood
of memory, this estimate of return period is reasonable. Some measure of the uncertainty of the
present estimates is indicated by the 95% confidence limits on Figure 6.1. These indicate that
thereis a1 in 20 chance that the 100 year flood could lie outside the range of 2260 to 5140m?%/s,
and that the 50 year flood could lie outside the range 1250 to 3700m?/s.

Wadi Tuban

Flood records are not available for Wadi Tuban to the same extent as for Wadi Zabid. Annual
maximum values for 11 years in the period 1968 to 1982 are quoted in the FAO Project
Preparation Report. We have not been able to assess the accuracy of these data. They refer to the
yearsinthe 1960sand 1970sand no maximum water level sor rating curve appear to have survived
from this period.

Whilethe values used are based on the FAO summary, reference has been made to contemporary
reports such as Northwest Hydraulic Consultants (1982). We understand that the 1977 flood was
observed at Dukame, but that the 1982 flood was estimated approximately from water level marks
on the Al Araisweir some distance downstream.

Nonethel ess, we have applied the same techniques as those described above for Wadi Zabid. The
dataarelisted in Table 6.1, the frequency curve based on the same parametersis shown in Figure
6.2, and the predicted floods for arange of return periods are shown in Table 6.2.
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6.3

REVIEW OF THE RESULTS OF THE FREQUENCY ANALYSIS

Theresults of the frequency analysisillustrated above are not entirely credible. Itisvery unlikely
that floods on Wadi Tuban are over 30% higher than on Wadi Zabid. Intuitively, they should be
comparable; the catchment areas are very similar and the rainfall regime is different only in the
seasonality of rainfall. Both catchments appear to experience exceptional floods in the same
March to May period. In ‘normal’ years the annual maxima can occur in any month between
March and October.

The reason for the difference is clear: the mean annual flood is different. And it is different
primarily because the length of record is different at the two stations. There are two exceptional
events - outliersto the general trend - in each record that bias the mean substantially. If they are
inarecord of 17 years, the mean isdifferent from that seen when the two outliersarein arecord
of 11 years. Thiscannot be acceptable asabasisfor area differencein the estimate of 50 or 100
year floods.

Nouh (1988) in his study of floods in Saudi Arabiafound that the mean annual flood is related to
catchment area and the mean elevation of the basin. The latter parameter is intended to
incorporate variation in slope, geol ogy and stream density. Hisrecommended prediction equation
is:

Mean annual flood = 0.346 * (Area)®’® * (Elevation)®®
where Areaisin km? and Elevation in m.

Thelack of arainfall termin thisequation isamatter for concern and it isassumed that variations
in rainfall between catchments are subsumed in the elevation term..

The catchment area of Wadi Tuban to Dukame is about 9.2% larger than that of Wadi Zabid to
Kolah. If the mean el evation can be assumed to be about the same, the Noah equation would give
amean annual flood at Dukame about 6% higher than Kolah. Thisdifferenceisrelatively trivial
compared with the large range of uncertainty in the flood estimates generally. Applying the
regional flood frequency curve (Farquharson et al) that was supported by the datafor Wadi Zabid,
the predicted floods should also be scaled by the same factor.

We have discussed earlier the impact of exceptional floods in the simulation of flood volumes.
Inthat case somearbitrary allowancefor these floodswas made because there areinsufficient data
to define their characteristics. So it iswith flood peaks. Thereisan argument for treating such
events as deriving from a separate population, different from the one from which ‘normal’ floods
might be considered to bedrawn. Thiswould|ead to acompound flood frequency curveif itsform
could be identified from the data.

Analternative approach would beto look at therainfall datafor someindication of frequency. But
we have shown that many of the floods form the Wadi Zabid catchment cannot be associated
directly with rainfall recorded at any of the stations. The network isjust too sparse and, in recent
years at |least, the data are not reliably recorded on a daily basis.

Pooling the data does not resolve the problem either. It would be easy to argue that floods on the
two catchments are independent events, a situation where data are normally pooled to produce a
regional frequency curve. In this case the procedure would yield results that split the difference
between the two frequency analyses carried out.

Our recommendation in these circumstancesisto regard the frequency analysisfor Wadi Zabid as
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more reliable than that for Wadi Tuban - there are more data and we have been able to review
these datato amuch larger extent. Design parametersfor Wadi Tuban should also be based onthe
figuresfor Wadi Zabid with someallowance (about 6%) for thesmall differencein catchment area.
Our recommended design figures are summarised in Table 6.3.

Thetrueflood regime of these wadiscan only be resolved by moreand better monitoring. Diligent
operation of the recordersis essential asisthe validation of the rating curve for Kolah and the re-
establishment of arating for Dukame. These and other mattersrelating to rainfall monitoring are
discussed in the next chapter.

[the conclusions reached here will be further reviewed when data collection for the Phase 2
wadisis completed]
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Table 6.1 Annual maximum floods reported for Wadi Zabid and Wadi Tuban

Annual maximum flood discharge ( m%/s)

Wadi Zabid Wadi Tuban
1981 2370 1996 116 1968 200
1982 760 1997 122 1969 500
1983 460 1998 442 1970 150
1984 2620 1999 nr 1971 350
1985 nr 2000 285 1972 450
1986 nr 2001 203 1973 350
1987 nr 1974 nr
1988 392 1975 962
1989 166 1976 206
1990 128 1977 2150
1991 440 1978 nr
1992 259 1979 233
1993 119 1980 nr
1994 468 1981 nr
1995 110 1982 2640

Source: TDA, WRAY35, FAO, present analysis

Table 6.2 Predicted maximum floods from GEV analysis

Maximum flood discharge (m3/s) for different return period T

T Wadi Zabid Wadi Tuban
mean 556 745

5 769 1030

10 1182 1582

20 1717 2298

50 2691 3600
100 3704 4957

Table 6.3 Recommended design floods - Phase 1 wadis

Maximum flood discharge (m3/s) for different return period T

T Wadi Zabid Wadi Tuban
20 1700 1800

50 2700 2850
100 3700 3900
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71

FLOOD WARNING AND HYDROMETRY

FACTORS AFFECTING THE FLOOD WARNING SYSTEM

Our detailed analysisof theflood regime of Wadi Zabid can be considered asageneral description
applicableto all the wadis from the point of view of the flood warning and additional monitoring
that isneeded. We discuss here only the hydrological issues that affect the flood warning system.
Specification of the equipment and institutional issues are raised elsewhere.

It is useful to summarise the relevant findings from our analysis.

. Floodsrise very fast and the peak usually occurswithin one hour of the onset of the flood;

. Floods also recede rapidly;

. Many floods are compound floods; they have multiple peaks,

. A sparse rainfall monitoring network might miss major flood-producing storms
completely;

. Theinitial peak isnot areliable indicator of the flood volume or its duration;

. Floods with high peak discharges might arise from the lower part of the catchment.

Thesefactorscomplicatethe design and operation of an effectiveflood warning system. Normally,
additional warning time can be gained by positioning equipment further towards the headwaters
and by monitoring rainfall rather than, or as well as, the floods themselves. However, in these
wadis, floods with high peak discharges can arise from rainfall in the lower part of the catchment,
and they might be missed by positioning equipment in this way.

It is not possible to devise the best possible scheme using present knowledge;, some
experimentation is necessary and thisisimplied in the proposal sfor this aspect of the project. Our
present recommendation isto install an additional water level recorder 15-20km upstream of the
existing station to double the warning time from the existing wadi gauging stations. Suitable sites
are being reviewed.

In addition, we propose telemetered rainfall stationsin the lower half of the catchment. In Wadi
Zabid, this is an area where there are no rainfall stations at the present time. The options for
extension of the system would then be to upgrade some existing stations in the upper catchment
to connect with the telemetry system. Additional information could be gathered from observers
warning of high rainfalls in their vicinity by telephone. In Wadi Tuban, a similar strategy is
recommended. Therearesome stationsin suitablelocationsinthelower part of the catchment that
could be upgradedinitially to connect with thetelemetry system. Existing equipment at these sites
could be deployed el sewhere in the catchment.

If our supposition is correct that the higher floods, including the exceptional floods that are
discussed in Chapter 4, are caused by morewidespread rainfall, it followsthat rainfall observation
should be more effective in contributing to the flood warning process than would be expected for
the less extreme events. It should be noted that satellite images showing cloud formations on a
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7.2

7.3

regional scale are available several times per day from the web sites of meteorological
organisations such as the UK Meteorological Office. Access to these images should also be
considered as part of the flood warning system, especially for warning of extreme events.

Operation of the system should take account of all the issues highlighted above. The easiest first
step is to issue a warning on the basis of the flood peak. This s clearly important in terms of
safety during severe floods irrespective of considerations of the utility of the flood for irrigation.
Warning times will be short and rapid dissemination of the warning is vital.

In terms of flood management and the diversion of water for irrigation, it isalso clear that asingle
determination based on flood peak is not sufficient. Monitoring and evaluation of the flood must
be a continuous process for the duration of the flood. While it is anticipated that there will be
some pre-arranged gate settingsin advance of any flood, the operators might have to change their
response as the flood progresses, particularly in the case of the high volume floods. Only by
continuous monitoring of the flood and the use of an algorithm to interpret the rate of recession
can the operators be expected to respond effectively. This is particularly true in the case of
multiple-peaked floods. Thereare many examplesintherecordsof floodsderiving fromthelower
catchment followed by a second peak from rainfall occurring later or further away from the wadi
station.

FACTORS AFFECTING THE ADDITIONAL HYDROMETRY

Dataare collected, but increasingly there are signsthat the system isnot being maintained, that the
dataarenot verified, digitised or used routinely. Whilethisobservation appliesmost keenly to the
rainfall data, there are also indicationsthat flood and baseflow measurements are being neglected.
Thissaid, there are al so some positive devel opments particul arly in the southern wadis where new
equipment has been installed, although the data return is not as high as it should be because of
operational difficulties and operational budgets. These operational considerations are at least as
important as the provision of equipment. The system must be seen asawholeif the objectiveis
to build up abody of data for future planning.

The climate and terrain of Y emen makes hydrometry doubly difficult. Storms are short, often
isolated events and a dense rainfall measuring network is needed if rainfall isto be monitored
accurately at adaily or shorter timescale. Similarly, floodsare short and violent. Water levelscan
rise and recede within a few hours making direct measurement and calibration of measuring
sectionsvery difficult. Equipment hasto berobust and protected from flood damage and from the
impact of large amounts of sediment moved by the floods.

Somedifficultiesof interpretation of flood hydrographshasfollowed from the historical separation
of the monitoring process into flood measurement by water level recorder and measurement of
baseflow by intermittent current metering. Raising the datum of the water level recorders has
been necessary in order to avoid sediment accumulation in the stilling wells. New types of
equipment such as the ultra-sonic devices should mean that water level measurement can be
continuous over the full range of flood and baseflow levels.

THE ARGUMENT FOR A COMBINED SYSTEM

Asthe project was originally framed, the equipment for flood warning was seen as separate from
the need for additional hydrometry, although it was probably intended that they could be
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complementary in operation. We are increasingly persuaded that they should be seen as part of
the same environmental monitoring system.

By system we mean the whole process from field observation or electronic record, through to
digitising or direct transfer of the data to a computer, and continuing through some computer
program or spreadsheet or database to produce some useful outcome. Theidea of flood warning
requires this whole process to operate in real time if the warning is to be effective. Other
objectives can tolerate a more leisurely time scale, but nonetheless they require that the process
be completed through all stages.

During thedatacollection and analysisfor this project we have had excellent cooperation fromthe
different organisationsin Y emen responsible for data collection and processing. Y et we haveto
point out some of the shortcomings of the data and issues that we see arising.

We have shown in Appendix A that in recent years there has been some marked deterioration in
thequality of daily rainfall observations. Increasingly, raingaugesare not being read every day and
the characteristics of daily rainfall can no longer be established reliably from these recent data.
Modelling or frequency analysisbecomesdifficult and theresultsunreliable. Thisisnot aproblem
confined to Yemen. The general deterioration in the quality of rainfall observations that are
carried out manually is evident in many countries.

One answer isto move increasingly to automatic stations that monitor rainfall electronically and,
apart from security considerations, need bevisited lessfrequently. NWRA aremovingtothistype
of station, but have not yet solved the problem of regular datacollection. Datacan belost (or over-
written) when the memory cards are not replaced on time. These devices aso provide useful
information about short-term rainfall intensities.

It is one more step to make these stationsinto part of atelemetered network in which the station
isinterrogated remotely and the data transferred to a computer automatically. Thiswould ensure
that at least the first two stages of the system are accomplished. The data would be available for
analysis and the final step is to ensure that the programs for quality control, verification and
analysis are available and functioning. Only then can spurious and erroneous data be identified
and rejected.

In these circumstances it would be appropriate to link the funds available for flood warning with
those for hydrometry in the Phase 2 wadis and install a network of telemetered stations both for
water level and rainfall measurement. Thisnetwork would operate continually, providingreliable
datafor future resources planning in addition to itsrole as part of the flood warning system. Such
acombined scheme would derive immediate benefit from its role in flood warning process while
supporting and revitalising the long term monitoring of the wadis and their catchments.

The obvious question is aways asked: how many stations should beinstalled? Thisisadifficult
question to answer for the varied terrain of Yemen. The answer also depends on how much
advance warning is needed and whether the flow of information can be maintained to the staff
controlling the various structures in the command areas. If the warning is likely to be too short
given only telemetered information from the existing wadi stations, a further station should be
considered upstream of the present site. Beyond that the emphasis should be on monitoring
rainfall. A minimum configuration of onerainfall station per major tributary should be followed
inthefirst instance, requiring between two and four stations per wadi. Refinement of the number
and placement of stations should follow aninitial trial period.

This chapter has looked at the issues of flood warning and additional hydrometry entirely within
the context of the hydrological issuesinvolved. There are other factors that must be considered.
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Institutional and operational management arrangementsareascrucial to the successof the systems
as the deployment of the equipment and the organisation of the computing and other systems
designed to process, store and disseminate the information.
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Appendix A

QUALITY CHECKING AND SELECTION OF RAINFALL DATA

Al

QUALITY CONTROL

Initially, length of record isthe most important criterion for selection. Many stations have only
short records or are newly established. They add little information on the long-term variability
of rainfall. From the 245 stations in the database, 94 were selected as having more than 5
complete years of data.

Records from these 94 stations were subject to quality control tests. These tests included:

. checks for monthly and annual totals outside the range expected, either on statistical
grounds or by comparison with records from neighbouring stations;

. checks for unexpected zero values on the same grounds;
. checks for data repeated on successive days or on the same day in the following year;
. checks for repeated months of daily data, either in consecutive months or for the same

month in consecutive years,
. some checks on repeated data between stations.

A monthly summary of datafrom the 94 stations was produced to help in theinterpretation of the
quality checks described.

These tests revealed a number of cases of repeated data, some months and in some cases years
where zero rainfall is entered when the data should be entered as ‘missing’, and a few cases of
unexpected zero rainfall and extreme or unrealistically high values. One result was to highlight
stations where the time-seriesis unrealistic in the sense that recent years have consistently much
higher rainfall than earlier years. The most obvious case of this is Ibb where in recent years
annual totalsof 3500mm are claimed. Thisrecord and one other were rejected completely; others
were corrected asfar as possible, usually by omitting particularly questionabl e data by months or
years.

It must be stated that the modifications made to the data at this stage are an attempt to clean the
data set for use in this project. They are not a substitute for the essential task of reviewing and
evaluating the national database of rainfall in Yemen. That thistask isessential isbeyond doubt
given the results of this preliminary review of the daily data.

During this review of the daily rainfall data, one further and highly significant feature became
obvious. At somestationsitisclear that rainfall isrecorded lessfrequently and in greater amounts
thanin earlier years at the same station. The most likely explanation isthat rainfall (or the lack
of it) isnot recorded every day and that falls are allowed to accumul ate until the gaugeisread at
irregular intervals of several days or even weeks.
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A2

Thisfindingisof someimportanceto theanalysisof stormrainfall. It directly affectsany analysis
of the probability distribution of daily falls, and it means that rainfall ascribed to a particular day
could have fallen in any of the days since the gauge was last read. This affects the linkage of
rainfall events to observed floods. It also affects attempts to carry out rainfall runoff modelling
on adaily time scale, where runoff generation is directly affected by the sequence of rainfall. A
few high rainfalls at intervals of several days will give a quite different result to a true daily
sequence of correctly measured values.

A test wasdevised to check for yearswhen accumul ations of rainfall are suspected. A reasonably
effective test isto compute the ratio of days with less than 15mm (excluding all zero or missing
records) to days with more than 15mm recorded. An example of the time series of thisratiois
shown in Figure A1 for station 717 Wash’ha. The series of values around 0.5 are typical of the
early years when diligent reading of the gauge is assumed. In the later years, the ratio becomes
unacceptably high, and reference to the record itself confirms the absence of the lower rainfalls
that should be expected.

This test identified 137 station-years from 31 stations affected by this process of rainfal
accumul ation between gauge readings, mainly yearsin the 1990sindi cating ageneral deterioration
in the quality of rainfall measurement in recent years. A threshold of 0.75 for the ratio was used
asacriterion for regjection. All years of record with aratio exceeding this value were removed
from the active data set.

AREVIEW OF THE DIFFERENCES BETWEEN MANUAL AND AUTOMATIC
STATIONS

Thefinding that quality of daily records has been deteriorating in recent years has some bearing
on the choices for future monitoring and the flood warning system.

Asthe historical records derive from anumber of sources, usually past projects, there are records
from recording as well as manua stations throughout the last three decades. Significant
differences might be seen when the stations are segregated according to their type. Inrecent years
NWRA have installed and are continuing to install recording stations based on solid-state
technology.

Four sets are used in this comparison:

. a 37-station set using all years of data - all manually read stations

. a 37-station set after censoring years with suspicious accumulations

. a 17-station set of automatic modern stations (with more than 1 complete year of data)
. a 25-station set of automatic historical stations with morethan 3 complete years of data.

For each set afrequency tablewas compiled giving the number of dayswhen rainfall wasrecorded
in intervals of 5mm. The results are accumulated as a frequency of exceedence and plotted in
Figure A2a.

Theresultsfrom the two sets of recording stations are reasonably comparable. Some differences
might be expected asthe recordsfrom the recording stations are short and cover different periods.
The result for the 37-station set plots significantly to the right indicating a higher proportion of
larger rainfallsin the datafrom these manual stations, even though this set includes many station-
years of good quality data. The results for the censored set lie between the extremes indicating
that the censoring has been partially successful.
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A3

Closer examination suggests that the main issue is the recording of rainfalls of less than 5mm.
This has been noticed before [TSHWC 1992]. Re-working of the datato omit rainfalls (raindays)
of lessthan 5mm resultsin Figure A2b whereit can be seen that the censored set now givesresults
that are comparable with the recording stations. It isclear that al frequency analysis should not
include rainfall from years when accumulations of rainfall are suspected.

Regardingfuturerainfall monitoring, higher quality dataarelikely toresult fromrecording rainfall
stations (tipping bucket gauges with solid-state recording devices). Thereisadown-sideto this.
It is noticeable that none of the historical recording stations have produced as much as ten years
of complete data. Also the datareturn measured interms of compl ete data as a percentage of the
nominal period of operation of the station isonly about 75% for the recording stations compared
with about 95% for the manual stations.

SELECTION OF DATA
Two main types of analysis are envisaged:

. one is concerned with the statistical characteristics of daily rainfall - the probability
distribution of daily falls and the relationships between number of days of rain and the
monthly and annual totals;

. the second for analysisof theregional variationinrainfall acrossthe country onamonthly
or annual time-scale.

The first requires data of a higher standard than the second. The monthly and annual totals are
less affected by the accumulation of rainfall in the gauge whereasthe statistical characteristics of
the daily data are rendered meaningless if the records are not a true record of daily rainfall.

Different criteriawere adopted to define data sets for these purposes. For the statistical analysis,
a minimum of 10 years of complete data are desirable, exclusive of years rejected as having
suspiciously large accumulations of rainfall. 37 stations met this criterion out of the 94 stations
included in the quality checking procedure described above.

For theregional analysis, therecordsfor years of suspicious accumulationswereincluded and the
94-station set used for quality checking was reduced to 68 stations - partly by rejecting stations
that are in areas not relevant to the catchment areas of the main wadis, and partly as a result of
unacceptable data revealed by the quality checks.

Table A1 summarises these 68 stations, indicates which are included in the 37-stations set, and
indicates their position and mean monthly rainfall.
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Table A.1

Rainfall stations selected for daily, monthly and annual analysis
NWRA First Last Years of record Position (km)
station ID year year nominal complete E N
58 Kudayhah 1981 1992 7 6 330.4 1493.0
60 Habashi 1982 2000 15 11 368.3 1496.5
65 Hajdah 1980 2000 13 11 370.2 1502.0
68 ** Taizyard 1974 1990 13 11 394.4 1502.3
81 ** Al-Udein 1977 1997 14 14 401.0 1542.4
82 Ibb-1 1981 1991 11 5 413.6 1544.2
87 ** Addalil 1980 2000 17 16 411.8 1560.8
89 ** Aljirbah 1969 1992 18 15 330.9 1564.9
94 ** Rihab 1969 2000 28 27 411.9 1571.9
96 ** Algahmah 1978 2000 18 15 331.0 1577.8
99 Madaf 1982 1991 10 5 480.7 1580.9
101 ** Almahatt 1978 2000 18 16 316.6 1581.6
104 ** Basat 1978 2000 19 18 323.8 1585.2
109 Ashshagb 1975 1985 10 6 444.0 1588.0
110 Mishrafa 1978 2000 15 10 345.4 1588.8
111 ** Addimnah 1978 2000 19 17 331.1 1588.9
113 Alkhadra 1981 1992 12 6 471.0 1590.3
115 ** Khabar 1976 1993 18 12 481.4 1590.4
118 ** Rada' 1976 1992 17 12 482.4 1594.0
120 ** Sanaban 1976 1988 13 13 463.6 1594.5
124 Habaka 1981 2000 14 11 361.7 1597.9
125 ** Samah 1975 1988 13 11 444.2 1601.1
127 Azzuwab 1980 1994 14 7 480.6 1603.1
134 ** Dhamar-1 1975 1988 14 10 435.5 1607.7
136 ** As-Sanam 1978 2000 19 16 421.0 1608.7
139 ** Maram 1975 1989 15 14 457.8 1612.8
141 Addarb 1976 1984 8 7 430.1 1613.5
146 ** Masna'ah 1975 2000 22 15 415.6 1619.8
148 ** Ashshirg 1981 2000 15 12 388.7 1618.0
149 Dafrd 1978 1990 13 9 428.0 1626.3
151 ** Al-Hamal 1979 2000 18 14 387.0 1631.0
158 Rizwa 1975 1987 13 8 409.8 1634.7
159 ** Aldabira 1981 2000 15 14 369.1 1634.7
161 Gumischa 1972 1977 6 5 293.4 1637.7
165 Maghreba 1981 1992 7 7 335.0 1644.2
169 ** Dhaf 1975 1988 13 11 422.3 1646.8
173 Alfowara 1981 1991 7 7 408.6 1658.5
174 ** Al-Amir 1979 2000 18 17 360.2 1662.4
183 ** Al-Haima 1979 1999 18 16 381.8 1667.9
185 Asal-A 1986 2001 10 6 455.5 1669.6
192 Qadam-A 1984 2000 15 5 352.0 1671.9
217 Khamis-A 1978 1992 11 7 340.2 1679.3
222 Khamlu-A 1984 2000 14 8 330.3 1692.3
238 Addahi-A 1984 1992 9 7 290.8 1682.3
243 Assalf-A 1978 2000 19 7 385.8 1683.4
255 Yusuf-A 1984 1997 12 7 373.4 1685.4
280 Mind 1972 1979 7 5 399.7 1690.3
288 Zuhaif-A 1984 1992 9 8 329.4 1692.3
298 Ghamr-A 1984 2000 16 7 344.6 1695.4
371 Mayan-A 1984 2000 17 5 3815 1709.1
384 Sana'a 1974 1979 6 5 416.7 1711.2
389 Mahwit 1974 2000 18 11 344.4 1710.5
436 Darwan 1972 1979 7 6 401.0 1719.8
469 ** At-Tur 1974 2000 22 18 326.7 1723.6
485 ** Hajjah 1974 2000 20 13 350.0 1734.4
505 ** Khamir 1972 2000 20 13 389.4 1769.2
679 ** Milh 1974 2000 20 17 266.0 1733.3
717 ** Wash'ha 1975 2000 18 13 327.2 1797.3
721 Zuhrah 1972 1992 15 7 287.4 1736.8
722 ** Shibam-T 1975 2000 19 16 383.8 1715.8
724 ** Shamiri 1979 2000 16 12 322.6 1657.2
725 ** Wallan 1980 1999 16 15 421.2 1671.4
726 ** Wagqir 1979 2000 17 15 315.3 1646.2
727 ** Zingah 1979 2000 17 14 331.6 1662.6
728 Sukhnah 1979 2000 17 13 3314 1638.7
729 ** Wadi-Har 1975 2000 20 17 417.4 1605.0
730 ** Yarim 1969 2000 25 24 433.5 1581.0
731 % Zabid 1969 2000 27 22 321.9 1568.6
720 ** Sagayn 1975 1992 12 343.8 1865.4
Notes: ** indicates the station is included in the 37-stations set

station 720 is included in the 37-station set but not in the 68-station set
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Table A.2

58

60

65

68

81

82

87

89

94

96

99
101
104
109
110
111
113
115
118
120
124
125
127
134
136
139
141
146
148
149
151
158
159
161
165
169
173
174
183
185
192
217
222
238
243
255
280
288
298
371
384
389
436
469
485
505
679
717
721
722
724
725
726
727
728
729
730
731

Mean monthly and annual rainfall for the selected stations

(mm)

Jan Feb Mar Apr  May Jun Jul  Aug Sep Oct Nov Dec Year Sum
13 10 9 28 33 5 4 11 28 16 14 4 181 175
7 9 20 75 111 83 58 76 118 45 26 6 646 634
2 9 23 46 43 40 33 33 50 20 4 1 295 304
7 15 38 79 99 71 62 84 106 83 10 5 676 659
6 19 51 113 124 104 133 109 90 67 25 9 850 850
9 11 46 79 116 125 163 157 104 21 17 2 854 850
6 7 55 92 97 76 105 126 63 32 21 6 691 686
4 11 12 21 46 6 38 66 110 52 5 1 377 372
5 9 34 75 98 46 91 118 55 32 14 3 582 580
8 7 19 11 50 14 40 60 80 33 9 2 324 333
4 9 23 34 21 4 8 29 3 0 2 2 129 139
10 5 14 8 28 11 20 44 44 24 11 4 229 223
7 7 14 8 44 23 32 56 90 50 14 4 352 349
1 3 24 23 24 11 30 46 16 14 1 3 169 196
21 14 37 33 70 18 53 50 46 31 17 9 447 399
8 1 14 22 65 22 46 58 77 64 20 12 422 409
4 14 46 42 22 2 22 38 9 2 4 2 211 207
13 11 39 42 22 3 23 46 6 6 3 2 234 216
13 14 53 32 24 4 22 35 7 6 4 2 218 216
3 12 40 32 23 3 22 33 7 14 3 0 192 192
5 7 20 36 41 28 67 90 16 14 3 0 342 327
3 6 34 48 32 1 40 68 18 11 3 2 246 266
5 15 26 35 26 10 12 21 3 3 3 1 206 160
2 16 45 66 53 5 61 117 14 11 7 3 403 400
10 21 62 77 32 25 46 74 27 14 6 8 405 402
4 11 43 44 30 3 28 60 4 7 6 2 228 242
6 9 80 44 46 23 58 76 18 6 25 10 390 401
8 12 52 63 44 24 53 78 35 22 18 16 430 425
13 38 31 94 89 52 56 125 47 42 17 14 582 618
7 14 50 52 29 6 43 65 6 4 3 7 299 286
5 5 45 80 83 45 62 117 39 31 7 5 529 524
2 5 64 87 50 10 24 44 10 8 14 5 265 323
11 6 23 42 34 19 21 39 16 19 2 6 239 238
2 3 11 13 1 0 3 11 12 16 6 0 76 78
20 50 112 107 78 16 53 100 48 25 54 15 676 678
2 7 59 84 40 2 29 63 7 7 5 5 296 310
24 19 83 52 37 25 21 33 7 2 5 3 312 311
9 8 49 94 94 22 76 84 27 25 25 8 509 521
4 8 38 65 49 25 53 74 18 15 4 3 356 356
2 6 28 60 2 1 22 19 10 12 0 3 158 165
1 4 6 42 60 15 52 57 20 13 7 3 288 280
1 7 5 48 54 29 57 83 48 6 2 6 352 346
1 5 7 30 48 24 36 87 42 19 6 5 326 310
0 5 2 12 12 1 7 39 32 16 1 4 130 131
4 10 48 109 38 14 105 120 15 14 14 18 442 509
2 4 16 77 71 61 929 114 36 13 10 5 495 508
4 1 20 41 57 6 56 66 41 9 2 2 291 305
10 13 18 70 81 35 54 106 47 18 14 13 481 479
2 5 26 74 60 33 33 74 31 25 17 6 378 386
3 9 25 58 29 13 35 51 3 4 3 10 254 243
6 3 24 43 38 3 47 44 8 19 7 1 239 243
12 19 33 106 96 42 80 140 68 49 23 8 631 676
4 1 10 31 41 4 44 60 4 10 2 2 227 213
3 4 17 48 86 55 64 107 78 52 17 2 467 533
0 10 46 90 68 31 62 88 30 12 8 12 501 457
1 1 37 60 31 24 36 42 2 7 1 2 209 244
8 3 2 4 9 1 4 13 2 8 11 6 72 71
14 9 31 74 77 24 46 62 24 39 16 17 422 433
6 4 3 13 27 2 20 27 27 43 5 17 176 194
5 8 41 77 54 28 78 129 11 14 8 1 461 454
5 3 8 29 74 29 43 86 124 53 26 7 492 487
2 8 46 58 34 11 17 54 7 17 9 5 273 268
3 9 7 21 37 28 39 71 74 65 16 2 389 372
1 2 21 32 50 46 72 106 74 22 14 1 455 441
9 8 17 43 80 46 58 101 90 54 30 6 571 542
5 16 46 66 68 34 90 80 35 19 19 1 475 479
8 21 57 82 87 47 95 159 43 16 10 5 630 630
11 4 7 9 19 3 20 34 49 35 6 0 193 197

Note:

The column marked ‘Sum’ shows the sum of the monthly averages for each station. When there is much missing
data, this is usually a better estimator of the mean annual rainfall than the mean of the totals for complete years.
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Deterioration in quality of daily rainfall records

Figure Al

el
\\\\\\\\\\ N~ - e |- -] - = . - _-_4
— @ o
~ = <
%]
\\\\\\\\\\ S < A N R < e
S un =
g g =
5 = o
o
5]
\\\\\\\\\\\\\\\\\\\\\\\ ~al- N
[7]
o
Q
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ . ®© [ [

raindays

3.0
25
2.0

2000

1995

1990

1985

1980

1975

71



Irrigation Improvement Project Hydrological Analysis

Figure A2a Effect of data source on rainfall frequency analysis
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Figure A2b Effect of data source on rainfall frequency analysis
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Appendix B

FLOODSIM
THE FLOOD AND BASEFLOW SIMULATION MODEL

Bl

B2

BACKGROUND

The program is intended to produce extended time sequences of floods (defined by volume and
duration) and of baseflows from information about the water resources of the wadi basin. These
data are required as input to the Spate Management Model (SMM).

The program comprises three parts: A Visual Basic applications program that provides a user-
interface, a Fortran program that carries out the number-crunching, and an Access database that
stores parameter values and output data from previous and current runs of the model. Only the
VB screensareavailableat runtime. The Fortran programisavailableasadynamiclinked library
file (dIl) and the Access database can be interrogated independently in the normal way.

This appendix covers model operation using the VB screens and the setting of options and
parameter values.

INSTALLING THE PROGRAM
The installation program is on the CD “FHoodSim”.
Run Setup.exe and when asked for the install location enter D:\FloodSim
After installation, set up the following directory structure:
[eeeeen FloodSim
T Fortran
[enereene Working
T Data

Move the following files into Fortran: FloodSim.dl|
Move the following files into Data: DatavbM 1.dat, DatavbM 1template.dat and L og.dat
Move the following files into Working: Floods.mdb, and all the remaining .dat.files
At present the program expects the Access database ‘Floods.mdb’ to be in the directory
‘Working'. This can be replaced by a direct link to the MIS database when the system is fully
operational. Theinternal program links are specified in code and cannot be changed externally.

After installation, the program is started by running FloodSim.exe.

The VB screenswill fill the display if the monitor display settings are for 1024* 768 pixels.
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B3 RUNNING THE PROGRAM
Double-click on FloodSim.exe in the directory D:\FloodSim.

Click on‘Start’ on the opening screen to open the Options screen.

Using the screens
The Options screen for model Version 1 is shown below.
All program controls are clustered in the blue boxes on theleft; al parameter valuesare set in the

grey framesto theright. The valuesshown on loading the program will befor thelast ssimulation.
All parameter values are set on this screen.

Yemen IIP - Aood simulation model

Select 2 wadi Mean and coefficient of variation of manthly number of flood events % number of events ™ wolume

edid d jv REV‘EWD'TSE: PRI Jan  Feb  Mar  Apr  May Jun Jul Aug  Sep Ot Nov  Dec
mean 0.1 [0.06 [0:54 [456 [e33 [+39 [7.33 [izz2][70 [1:82 [039 [0.17
o 4.2 [4.2¢ [tz [oan [07 [osr [oe [oss [o7s [rez [5z 23
Enter & new simulation identifier W W

Detivation of Flaod duration From volume
Enter a description of this kest {optional)

Calibration - 4 tersion 1 - 26 Feb 03 £ linear y=stba s [131
@ nondinesr ¥ =a*1%b b [0
Definition of exceptional flood events Distribution of population of flood volumes
standand
ey (5 o) mean | 56 tem gandad [ g wm

Model version Mumbet of years

length of synthetic record mean :o:me 25000 wem 1 Match <clection of fiood days
1
 Wersion 2 1000 years i 5000 o 3

7| May

€ randam within menth fnon-repeating)

%" randomn within menth (repeating)

Run the program See the file brovser |
Parameters for baseflow estimation
Annual thresheld rainfall for baseAow I 90 [romer Basefiow routing delay 20 days
Parcentage of rainfall Farming baseflow | 4 % Catchment area 4632 kmz
Texk files for output can be found in this Folder Percentage of Aood runoff Forming baseflow | 120 o Added noise lU_
BiFloodSimworking Persistent baseflow [1500 roer Cailng [10000 temimon
Program units:
Flond and bassflow volume - thousand m3 (kem) Mean and coefficient of variation of cakchment rainfall (rmm)
Rainfall - mm

Jan Feb  Mar  Apr  May Jin  Jul  Aug  Sep Ot Mov  Dec

- ki
AIIpar:rl;’\e:tersrr?usthecnns\tentwwththesaunlts fen B 6 [& [ [[uo [+ [0 [us [e [z [ [
N [1s2 [z |[o.71 |[o.a7 |[u.3e [[o.49 |[ o3 Jo.ar [[os |[1.48 |[175 |[18s |

Close Flood Simulation

Click the* Review previousparameter sets' control button to open the Review screenwhichwill appear
on top of the Options screen.

The Review screen shows the parameter values used for the simulations listed (in red) in the box on
the left. Clicking on one of the previously used simulation identifiers on the left displays the
parameter set on the Review screen. These are shown for information; they cannot be edited.

However, the current parameter set on the Options screen can be replaced by the set currently
displayed on the Review screen by clicking ‘ Reset active values to these values'. Thisis a useful
procedureif theit isintended to carry out anew simulation following minor changesto a previously-
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used parameter set. Alternatively, click Cancel to return to close the Review screen.

Review |

¥emen IIP - Aood sint

Highlight an existi

SO Tio ] Modslversion [ 1 Nurbser of years | 1000 | Selection oF days — opn| 2
ZDE00
i Zabid L Imm } Notes Populatian of flood volumes  mean [“gss o

alibration - 4 Wersion 1 - 26 Feb 03 d| 348

[C
7
Definition of exceptional flood events

mean wolume | 22000 | gm

Enter a new simulation =

Enter a description of £ Probaility of exceptional events 4 1 %
(Calibration - 4 Yersion Apil| 3 s ul
May| 7 % E

Derivation of flood durations  Option 2 Detivation of cv of monthly number of Floods  Option 2
A [13 A sz

B B -0.408 —
2 tam

Madel version

 version 1 Mean and coefficient of variation of monthly flood events & Number of events ¢ Yalume
= Version 2 Jan  Feb  Mar  Apr May  Jun Jul Aug  Sep  Od Mov  Dec
mean [BJ0.11 [0.06 ou4 [456 [5.33 [.39 [7.33 [12.22 [706 [1.83 (039 [0.47 | |
A [pJs24 424 [i52 [osl 07 [osr 06 045 [0.73 iz 3.2 [23 | |
Run the progran Farameters For bassflow simulation
percentage of rainfal forming baseflow | 4 anrusl threshold ainall For baselose Gmfyd | 90
percentage of Rood runoff added to baseflow | 1201 persistent baseflows (temfy) | 1500 ey
bazeRow routing delay (days) | 20 basin ares (krnd) | 4532 s

a 10000 ul

baseflow noiss calling (zernimonth)

Text files for output ca

5 - - 1
p:iFlocdsimiiorking Mean and caefficient of wariation of mankthly basin rainfal emiman

Program units: Jan Feb IMar Apr May  Jun ul Aug  Sep Ot Mow  Dec
Flood ane basef) man[b]s_ Ji6 [ [o= [0 = [0 [s [ [» 0 3|
Rainfal - mm sd [B]is2 [1z2 Jo71 [o37 036 [043 [0.3% [0.31 [0.35 [1.45 [1.75 [1.56 | |
Area - km2 =
All parameters must be =
Reset active parameters ko these values | Cancel | 3

Close Flood Simulation

Current or previous results can be reviewed using the File Browser screen. Click the button ‘ See
browser’ to give access to this screen.

Click on any file name shown in thelists on the | eft to view the contents. Thesefiles arethetext file
versions of the output held in the “Working' sub-directory. Click ‘Cancel’ to return to the Options
screen.

=18l

ok

ZDB00-Flonds2, dat D:|FloodsimiWorkingl Z0a00-Floods1 . dat

ZDE00-Floods3, dat

ZDE00-Flonds4. dat Simulated data on 27 Feb 2003 at 17:12:47

ZDE01-Floods1 . dat

ZDE01-Floodsz, dat Summary of generated sequences

ZDE01-Floods3, dat

ZDE01-Floods#. dat e CEkEe

Jan Feb Mar Apr Hay Jun Jul Aug Sep Oct. How Dec Tear

av 37. 17 736 3804, E911. 2716 &048. BOZE. 4E88. 1176, 24z, 49 32450,
=d 321. 189, 2503, S188. 7385, 2870. 3951, 4454, 4040. 1894, 1014, 31z, 12116,
o B8.57 9.13 3.40 138 1.z8 1.08 079 0.58 0.886 181 4.18 £.32 0.37

Mumber of floods

Jan Feb Mar Apr May Jun Tl By Sep Oct How Dec Year
av 0.0 0.0 0.3 4.7 6.4 4.3 7.6 121 7.1 1.8 0.3 0.1 454
=4 0.3 0.z 1.4 3.6 4.2 2.7 4.6 5.0 4.8 2.2 1.1 0.4 1.0
ow 000 0.00 1.81 0.77 0.65 0.8 0.0 0.41 0.8 1.3z 3.z20 0.00 0.z4

Jan  TFeh  Mar  Apr  May  Jun  Jul  Aug  Sep Oct.  How  Dec Tear
av 0.3 0.z 5.1 5.6 101 8.9 9.z N 3.0 6.9 1.8 0.6 3.3
sd z.z 1.5 7.8 4.7 4.8 3.5 z. 5 1.8 z.7 5.7 4.3 z.4 1.0
o 6.55 7.7z 1.5¢ 0.4 0.46 0.39 0.27 0.15 0.30 0.83 2.4l 4.38 0.11
Baseflow

Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep Ot How  Daco Tear

av 1343, 1834, 2376. 5357. l0291. l0O655. S667. 13894. 13007. 6073. 3006. 2005. 79013
sd 206. 1050. 1486 2195, EL00.  E408. 4445 E197. E156. 2942 1997 1280, 24157,
ov 0.4¢ 0.57 0.62 0.60 0.50 0.51 0.51 0.45 0.40 0.4% 0.66 0.62 0.31

DatavbMI dat
DatavbMIkemplate, dat
DatavbMikemplate? dat
Log.dat

Log2.dat

Cancel
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Starting a fresh simulation

Choose awadi name from the drop-down box and enter the remaining part of the ID manually.
Enter abrief description (optional) in the Notes box as areminder of the purpose and conditions
of the simulation.

Enter thelength of simulation required and the V ersion of the model required. Settingtheversion
reveals a different combination of frames (containers that separate the parameters into groups).

Ensure that all revealed frames and text boxes are completed - see below on Setting the
parameters

Click the green ‘Run the program’ control button to initiate the simulation. The button will
changecolour tored.. Whenit returnsto green, thesimulationwill have completed and theresults
will have been transferred to the database Floods.mdb.

The text version of the results files can be reviewed using the File browser screen as described
below.

Note that parameter setsfrom a previous simulation can be used asabasisfor the current set. In
this case a new simulation ID will be required.

Program units

The program uses a consistent set of units throughout, and these units are assumed in the scaling
of any of the relationships:

rainfall in millimetres (mm)
flood and baseflow volume in thousand m? (tcm)
basin areain square kilometres (km?)

Thislist is shown for reference on the Options screen.

All parameter values must be consistent with these units.

Setting the parameters
Model version

Version 1 isused when the coefficient of variation of the number of floods (or flood volumes) for
each month is known or can be estimated from the data.

Version 2isused when these coefficients are derived from arel ationship with the mean valuesfor
the months (see below).
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Flood parameters

Mean and coefficient of variation of monthly number of floods

The mean and coefficient of variation of the number of floods each month are derived from the
data (if available) or estimated from regional ideas perhaps based on values for neighbouring
wadis. Optionally, the data can be entered in terms of flood volume since adirect relationshipis
assumed between monthly flood volume and the number of floods.

If Version 2 of the model isused the coefficient of variationisestimated from the mean by alinear
or logarithmic relationship. Enter the parametersto describe thisrelationship in the box labelled
‘Derivation of cv of monthly number of floods'.

If the linear option is chosen, the relationship is taken to be of the form:

CV=A+B *Mean
If the logarithmic option is chosen, the relationship is taken to be of the form:

CV=A*Mean B

Flood duration

It isassumed that thereisarel ationship between flood duration and flood volume. Thisisdefined
in the same way as that for the CV of the monthly number of floods described above.

Exceptional floods

The provision for defining exceptional floods allows the mean and standard deviation of
exceptional flood volumesto be set, and the probability of occurrence of exceptional floodsinthe
monthsMarch, April and May. These probabilities, expressed as percentages, definethe average
annual probability of occurrence. Thus 5% entered for May would indicate an exceptional flood
in that month once every 20 years on average.

Distribution of the population of flood volumes

This distribution is assumed to be log-normal in the simulation model, but it is described using
the arithmetic mean and standard deviation of flood volumes.

When there are data of individual flood volumes as in the case of Wadi Zabid and some other
Tihamawadis, the values can be estimated directly. In other cases, regional values can be used.

Selection of flood days

This parameter controls the way in which the flood events are distributed in days for the current
month of the simulation. At present the events are distributed at random, the only choice being
whether or not two or more events can occur by chance on the same day.

Two options are available and the choice depends on the form of the flood dataimplied by the

77



Irrigation Improvement Project Hydrological Analysis

B4

statistics of the distribution.
If the data refer to individual floods some of which might occur on the same day, then the
‘repeating’ option should be chosen. The simulation model will, by chance, assign some floods
to the same day. Otherwise, if the data are for daily total flood volumes, the ‘ non-repeating’
option should be chosen and all flood volumes will always be assigned to separate days.
Baseflow parameters
Baseflow is derived from three sources:
. a percentage of the basin rainfall specified
Three parameters are used; one is the percentage of the rainfall specified, the
second isamonthly threshol d above which the percentageisapplied, and thethird
is the basin area. These parameters are interdependent to some extent. For
example; reducing the percentage has a similar effect to that of reducing the
effective basin areg;
. an amount proportional to the annual (generated) flood volume
Thisamount is scaled by the parameter controlling the percentage of flood runoff
added to the baseflow. Theflood flow isused only to scale thiscomponent of the
baseflow; the model does not reduce the flood volumes by this amount.

. a persistent element

The average of this component is specified in tcm/year. It isvaried randomly from year
to year.

The‘Baseflow routing delay’ measured in days, delays the baseflow and allowsthe timing of the
seasonal peaks and troughsto be controlled. It has a maximum value of 60 days.

‘Ceiling’ modifies the contribution of flood flows to the baseflow by defining an upper limit to
monthly flood volume that ‘ contributes’ to the overall volume of baseflow.

The ‘Noise' isintended to control the variability of baseflow from year to year. At present this
parameter is not active.

INPUT AND OUTPUT

All input is specified on-screen there are no other input files.

Output is stored on in the * Floods.mdb’ database file in the form of the following tables.
‘Parameters’ keepsarecord of all parameter values used in each run of themodel. The parameter
set and al output is linked through an simulation identifier unique to each simulation. The

identifier <id> is a 5-character code; the first two charactersidentify the wadi, the last three are
any al pha-numeric characters.
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B5

Thisidentifier is used to index parameter setsin the ‘ Parameters table in the database, and asa
table name for output. There are two output tables: ‘<id>FL’ for floods output and ‘ <id>BF for
baseflow.

In addition a series of text files are used:
. the parameter values for the previous model run are stored in atext file ‘ DatavbM 1.dat’

inthe Datasub-directory. Theseparameter val uesare used to popul ate the Optionsscreen
when the VB program is started.

. progress of amodel run isrecorded in atext file‘Log.dat’ for reference should anything
cause the program to crash.
. the output is stored in a series of text filesin the Working sub-directory. All thesefiles

are identified by the simulation identifier.

<id>Floodsl contains a summary of the simulation;

<id>Foods2 lists the simulated flood events (date, flood volume, duration);
<id>Floods3 contains summary of daily flood volumes in calendar format;
<id>Foods4 gives the monthly simulated baseflow for each year.

Thesetext filesare used to provide arapid review of the output from within VB, but they
can be deleted without losing the basic output, which is stored in the ‘Foods.mdb’
database.

All output refers to calendar years starting in January. Thisis reasonably consistent with ideas
of hydrological years starting at the time of minimum expected rainfall and wadi flow.

THE EFFECTS OF RANDOM PROCESSES IN THE SIMULATION

Thisprogramwill produce adifferent output - adifferent sequence of different flood volumesand
adifferent baseflow sequence - every timeit isrun, even with identical parameter settings. Each
simulation is a sample of the floods and baseflow sequences that conform to the underlying
statistical description of the regime that is specified by the parameters.

Increasing the length of the ssimulation period, makesit more likely that the sample statistics (the
mean annual flood volume for example) will converge on the expected or ‘population’ values
implied by the parameter set. Thusit is possible to simulate repeatedly a flood sequence of 20
years duration for a given parameter set. |f the mean annual flood volume is computed for each
simulation, the valueswill befound to conform to some statistical distribution with amean value
close to the expected mean, and a standard deviation that is a measure of the uncertainty
associated with estimating the mean annual flood volume for a 20-year period.

Of course the value of such sampling statistics depend on how well the original distributions and
relationships underlying the simulation describe thereality. But, in principle, they could offer an
approach to the estimation of ‘design’ values for the resources available to the project.
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B6

PROGRAM CRASH

Thisisaprogram under continual development and it iswritten for a specific purposefor limited
usewithinthe Yemen I1P. It istherefore uneconomic to spend alarge amount of time testing the
program under all possible conditions and providing comprehensive error trapping and help
systems. Consequently, the programislikely to crash from timeto time, usually when faced with
parameter valuesthat cause mathematical errorsto arise (logs of negative numbersfor example),
or when some parameters are not set (interpreted as zero).

With experience, someof themorelikely ‘errors’ can beidentified and error trapsset. Otherwise,
it isamatter of trial and error to avoid parameter values that cause the program to fail.

When the program crashes, the VB application will usually close or a dialogue box will appear
asking whether the program should be closed or whether it should be debugged. Inthelatter case,
the close optionsshould be used, the VB program restarted, and the parameter val uesre-examined
for possible errors or unrealistic values.

Becausethe parameter valuesare written to atext file before the Fortran dil iscalled, the program
will show thelast set of parameter valueswhen FloodSim.exeisre-started, athough these values
will not yet have been saved to Floods.mdb. Filesare not written out to the Floods.mdb database
until the number-crunching has been completed satisfactorily and the Fortran program has
executed normally.

Check the values carefully, ensuring that values have been set in all visible frames on the screen
before clicking ‘ Run the program’ again.
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Appendix C

DEFINING HYDROGRAPHS

C1

GENERAL CONSIDERATIONS

We discussed the limited information on the shape of flood and baseflow hydrographsin Chapter
3, where we illustrated some of the variations that occur for a few of the hydrographs of major
floods sel ected from the chart record. Inthe case of Wadi Zabid, these constraints arelargely due
to the sheer amount of work needed to digitise the chart records. Thiswork is beyond the scope
of this project. There are similar records for other Tihama wadis, and we can use only the
information that has been processed from these detailed records. On other wadis there are
different constraints. For Wadi Tuban, there are no hydrographs associated with the historical
records of the 1970s. Records are becoming available from the new water level recorders,
although these records are uncalibrated at the present time and they are yet too few to give a
complete picture of the range of flood hydrographs that can occur.

Itisthereforeinevitablethat any attempt to describethe hydrographs- and specifically tointerpret
our sequence of flood and baseflow volumes - on a short time-step is bound to be an uncertain
procedure.

We have used a procedure that is capable of producing the complex hydrographs illustrated in
Chapter 2 based on the ideas presented there whereby a flood can be interpreted as being made
up of anumber of separate and identifiable components that can each be represented by avolume
of water passing through alinear reservoir. The sum of the volumes of the componentsis equal
to the total volume of the flood, which is known. We also know something about the range and
statistics of the flood peaks and the flood durations from the observed data.

We need to identify the following characteristics of the components that make up a single
compound flood:

. the number of componentsin each flood;

. the distribution of the total volume between the components;
. the timing of the components relative to each other;

. the time constants associated with each component.

If we can devise a set of rules that determine these factors, and some rules that ensure that the
model introduces variability into the process of hydrograph generation, it will be possible to
transform the sequence of flood volumes into flood hydrographs and to add in the contemporary
sequence of baseflows to produce a continuous hydrograph for use with the SMM.

Thereareother considerations, such astherisetime of hydrographsand theway inwhich duration
might be computed that are dealt with in the detailed sections that follow.
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C2

DEFINITION OF THE HYDROGRAPH MODEL

Component hydrographs

Although there is no limit to the generality of the proposed model, we have imposed certain
constraintsin view of the l[imited knowledge available. These are:

. there are no more than two componentsin each flood event;
. the component volume is distributed over the first four, 15-minute time steps of the
component hydrograph;

This ensures that rise time of each component is one hour, which is the rise time
seen in the floods examined in detail (Figures 3.16 to 3.19). lItis likely that the rise
time varies, and that it could be significantly less than one hour in some cases.
However, the charts cannot be interpreted with sufficient precision to identify these
variations.

. other characteristics of the hydrographs (time constants, timing) are randomly chosen
from within a defined range.

Selection of parameters

The selection of parameter values for the characteristics of the componentsis based on the data

available for Wadi Zabid. Vaues have been chosen intuitively to conform to our understanding

of flood formation that isdescribed in the main report, and to reproduce reasonably well therange
and distribution of flood peaks and flood durations.

Number of components

We have used a volume threshold whereby floods having a total volume below the threshold are
single-component floods; those with atotal volume above the threshold have two components.
The threshold value is 250mcm.

Distribution of volume

The flood volume is distributed randomly between components with the limitation that each
component shall have a minimum of 30% of the flood volume. Randomisation is based on a
uniform probability distribution.

Timing of components

Without further detailed analysis, we have no detailed knowledge of the timing of floods.
However, this isimportant only in the sense of the time difference between the different flood
components. The clock time of the start of the flood should not be important to the SMM in
planning mode; and in operational mode, the system must respond to events asthey happen. Thus
we have taken the clock time of the first component as zero and the specified a range of values
for the relative timing of the second component within which the actual time for each flood is
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C3

C4

C5

selected at random. Thisrangeis O to 9 time steps, or 1 to 2 hours.

Time constants

In general it isexpected that the first flood component will arise from rainfall in the lower part of
the catchment and that subsequent components will arise from areas further from the mountain
front. Thisshould result in shorter time constants associated with the first component than with
the second. Accordingly, we have used time constants of 1 to 3 hours and 4 to 10 hours for the
first and second componentsrespectively. For each flood, values have been chosen randomly for
each component from within the ranges specified.

RESULTS FOR WADI ZABID

The parameter values identified above have been found by trial and error in order to reproduce
the known freguency distributions of flood peaks and flood durations. Durations have been
estimated by assuming that the flood is ended when the discharge falls below 4m@s, a criterion
that accords with the procedures used by TDA to define flood duration from the chart data.

Figures C.1 to C.3 show the results of this fitting exercise. The close result in Figure C.1 is
entirely expected. It confirms that the flood volumes are correctly handled by the hydrograph
routing process. Figures C2 and C3 indicate that the objective of describing the frequency
distributions of flood peaks and durations are met reasonably well. Note that these graphs use
arbitrary ranges on the x-axis, and the precise shape of the graph is not meaningful.

During thetrial and error process of model fitting it was found that the result is more sensitive to
the parameter ranges for the first flood component, and less sensitive to those of the second
component. In fact, it was found that a third component could not be reasonably defined on
present information. Direct information on the time intervals between components and on the
range of time constants is needed before the model can be developed further, or be shown to
produce results that are entirely realistic.

ADDING BASEFLOW

The mean maximum monthly baseflow (taking the average of the highest monthly baseflow in
each year) isaround 6.5m*sor 17mcm/month. Thisissmall compared with the rangeflood peaks
asillustrated in Figure C2.

CONCLUSIONS

Despitethelack of sufficient datain anumerical format to define the model parametersfully, the
model itself appears to be capable of describing compound hydrographs reasonably well. It has
much inherent flexibility in terms of the number of hydrograph components, their time constants
and the timing of the components. We recommend that model development and fitting be
continued when more data become available from the new instrumentation so that planning
scenarios based on the model output can be revised and kept up to date.
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Whilethere are many characteristics of the hydrographsthat should ideally form part of the model
fitting and testing process, we believe that the tests carried out - fitting the histograms of flood
peaks and durations - are sufficient to incorporate the model

The parameters sel ected are based primarily on thedataavail ablefor Wadi Zabid, and until further
information becomesavailablefor Wadi Tuban, we recommend using the same parametersthere.

[t ishoped that information on hydrographs shapes might be available for some of the Phase
2 wadisthat will help usto assessthe regional validity of the model and the parameter values
used so far]
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Figure C1 Distribution of observed and simulated hydrograph volumes
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Figure C2 Distribution of observed and simulated hydrograph peaks
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Figure C3 Distribution of observed and simulated hydrograph durations
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