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SUMMARY IN SWEDISH 
Många människor i världen lever i samhällen där konflikter rörande vatten är 
vanliga. Palestina är inget undantag utan kanske ett av de tydligare exemplen 
på hur vatten kan elda på en redan existerande konflikt. Vissa hävdar att det 
egentligen inte råder någon brist på utvinnbart färskvatten i Israel-Palestina 
området, utan att det snarare handlar om en skev fördelning av det vatten 
som utvinns och av ohållbara praktiker och ohållbar användning. Andra 
pratar om en reell brist på utvinnbart vatten, att klimatet förändras och 
regionen blir torrare. Det här projektet handlar inte om det utan om en 
högst påtaglig verklighet där palestinier saknar verklig kontroll över det 
regnvatten som faller över palestinska områden. Den rådande politiska 
situationen gör att det är svårt för palestinska myndigheter att övervaka och 
förvalta sina grundvatten. En praktisk väg runt det problemet är att samla 
upp regnvatten och distribuera det som ytvatten. Det kan låta ineffektivt att 
spara vatten i öppna dammar med tanke på den väldigt höga avdunstningen 
i Jordandalen, men är kanske en av få framkomliga vägar i dagsläget. Den 
första ytvattendammen på Västbanken byggdes 2011 i Al Auja som ligger 
precis norr om Ariha, norr om Döda Havet, i Jordandalen. Dess 
avrinningsområde är omkring 44 kvadratkilometer och sträcker sig västerut 
upp i bergen. Här regnar det ungefär lika mycket som i Stockholm varje år, 
men bara under ett par korta vintermånader. Berggrunden består av nästan 
tät krita och karst kalksten. Lera täcker, om än i ett tunt lager, stora delar av 
berget. Nedanför bergen i Jordandalen finns djupa sedimentlager. 
Växtligheten är sparsam, stora ytor är i princip bar jord eller berg, med 
buskar här och var men en del är jordbruksmark där leran är plogad för att 
fånga så mycket vatten som möjligt när det regnar. Bergssidorna är på 
många håll svindlande branta. Det finns inga vattendrag som flödar året om 
och flodbäddarna ringlar sig tydligt i dalbottnarna och särskils genom det 
grova material som spolats rent och transporterats av stora plötsliga flöden 
när regnet väl kommer.  
Dammen konstruerades medvetet liten för att sedan, med lärdomarna från 
att bygga en mindre dam, ansluta ett större närliggande avrinningsområde i 
framtiden. Den stora frågan är hur mycket större reservoaren måste bli för 
att kunna ta emot de ökade vattenmängderna. För att svara på den här 
frågan initierades det här projektet, där data om nederbörd och avdunstning 
användes tillsammans med kunskap om avrinningsområdet och en 
tryckmätare i damreservoaren för att skapa en hydrologisk datormodell. 
Modellen strävar efter att fånga det hydrologiska systemet i dammens 
existerande avrinningsområde där resultaten från modellen kan jämföras 
med mätdata från tryckmätaren. Då mätaren endast mäter vattennivåer är 
det svårt att veta hur stora inflödena är till dammen, men det går fortfarande 
att använda timingen av och proportionerna mellan de olika regntillfällena 
för att kalibrera modellen. Den kalibrerade modellen för det existerande 
systemet används sedan för det utökade avrinningsområdet. Resultaten 
jämförs för att se hur mycket mer vatten som når dammen om det större 
området hade varit anslutet i de två modellerna. Det är viktigt att notera att 
det bara är de olika modellernas resultat som jämförs, inte uppmätta flöden 
eftersom det inte finns tillgängligt.  
Modellerna är skapade både i avseende på längre tidsperioder och enskilda 
nederbördstillfällen. Den för längre tidsperioder är skapad med metoden 
Soil Moisture Accounting (SMA) i HEC-HMS där vatten kontinuerligt kan 
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lämna systemet både genom att nå dammen men också avdunstning och 
infiltration över tid. Det är intressant att notera att ett intensivt regn inte 
nödvändigtvis ger ett stort inflöde till dammen nedströms. Det kan bero på 
att de olika vattenförråden i avrinningsområdet är tomma. Flera intensiva 
regn nära i tiden resulterar i att större mängder vatten når dammen eftersom 
förråden antagligen redan är mättade. 
Den eventbaserade modellen, som gjordes med SCS Curve Number-
metoden (SCS CN) i HEC-HMS, går att använda för att undersöka enskilda 
regn. I den här versionen skapas avrinning först efter att ett initialt förråd 
fyllts upp, därefter sker heller inga förluster. Den kan vara bra för att 
undersöka effekten av extrema regn, även om detta inte undersökts i det här 
projektet. 
Kontinuerlig tryckmätning stödjer resultaten från modellerna som visar att 
vatten når dammen när mätaren ger utslag. De producerar även resultat som 
proportionellt stöds av tryckmätaren. Ett större regn följt av ett stort utslag 
syns också i modellresultaten. Samma sak gäller för mindre regn som ändå 
ger utslag.  
Baserat på modellen för det existerande avrinningsområdet borde 
reservoaren kunnat ta emot ungefär tre gånger mer vatten än vad den som 
mest behövde göra 2011-2013, efter att ha expanderat avrinningsområdet.   
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ABSTRACT 
In a populated region with very high potential evapotranspiration, where the rainwater 
falls only during the winter and mostly in the mountains, the need for sustainable 
water management and fair distribution is crucial. In the West Bank, Palestine, the 
main potable water source is a karst mountain aquifer system. Precipitation occurs 
usually in the form of rainfall in the mountainous regions during winter period and 
recharges the groundwater systems. The water either reaches the surface as spring 
water, or is extracted through pumped wells. But the scarcity of drinking water in 
Palestine is not due to lack of water resources or technical knowledge of water 
extraction but a direct consequence of Israeli policies, water management, breached 
water rights and the occupation of Palestinian territories.  Because of such restrictions, 
ground water is not an option to provide more freshwater, instead it is suggested to 
collect rainwater runoff in reservoirs. In 2011, the first surface water dam was built in 
Palestine in Al Auja, just north of Ariha. It was built as an experimental project for 
future dams and is therefore a small earth fill dam which will be expanded to collect 
water also from an adjacent watershed, much larger than the current one. The purpose 
of this study is to determine how much bigger the reservoir needs to be to safely store 
the inflowing rainwater runoff in the future.  This was achieved through hydrological 
modelling using the HEC-HMS software which is a physical based model. The data 
used in this study were: 25 m DEM, land use data, soil data (both from remote sense 
and field visit), river network map, precipitation data, location of the gauges and 
geological formations. Field visits and soil tests were also great contributions of 
insights and knowledge crucial for the project.  Hourly time-series data for 
precipitation for the winters 2011-2012 and 2012-2013 and monthly 
evapotranspiration for 2010-2011 were used as input to the model. Water level data in 
Al Uja reservoir with 20 minutes intervals were used to evaluate the simulations. 
Simulations were first optimized for the current scenario to find sets of parameters 
that match the changes in water level in the dam reservoir. This was done both for 
single rainfall events as well as for the whole seasons. The parameters creating the 
most matching results were used in additional simulations with the adjacent watershed 
included. The difference in results between the simulations with the current watershed 
and the expanded one was used to answer how much more water the reservoir would 
have received during 2011-2012 and 2012-2013 if the larger watershed were included. 
The model results reveal that the reservoir should have been able to hold about three 
times as much water as today. Installation of an inflow meter is suggested for the 
future along with an evaluation of local climate change in precipitation and 
evapotranspiration.  
Key words: Hydrological modelling, arid areas, Jordan Valley, water scarcity, 
Al Auja, HEC-HMS, SMA, CN.   

1. INTRODUCTION 
The purpose of this study is to contribute to the development of 
Palestinian water infrastructure, through hydrological modelling of Al 
Auja dam watershed. This means specifically assisting in the process of 
expanding runoff collection on a large scale in the West Bank.  
The historical background of the current water situation in the West 
Bank has been described numerous times by many authors. Here the 
situation is described in coarse terms to put the dam construction and 
this study project into context.  
The only large source of fresh surface water in the West Bank is the 
Jordan River, which Palestinians currently can’t access. Thus, 
groundwater extracted from deep wells and spring discharge remains the 
main source of fresh water supply in West Bank. The Mountain Aquifer, 
which both Israelis and Palestinians are getting their fresh water from, is 
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divided into three groundwater basins: the Western, the Eastern and the 
Northeastern Aquifer Basin (Fig. 1) (Marei, et al., 2010). 
The current water situation in West Bank leaves much to be desired. 
There are both substantial water shortages and acute water quality 
problems. According to the data published by Palestinian Central Bureau 
of Statistics, the total amount of fresh water available for consumption 
during the year 2012 in West Bank  was 156.2 million m3/year or 154 
liters/capita/day (Palestinian Water Authority, 2013a). The sources of 
this water are Palestinian wells, springs and the Israeli water company 
Mekorot. Some of the water in West Bank comes from the rainwater 
harvesting facilities used by Palestinians for water supply (Nazer, 2009). 
However, many of the cisterns used for harvesting rainwater, but also 
wells and irrigation systems are being continuously destroyed by Israelis 
military forces and in some cases by Israeli settlers (Palestinian National 
Authority, 2012).  Water supply for domestic, commercial and industrial 
use in West Bank from the same year was 93.9 million m3/year, which 
includes 26.0 million m3/year of losses that resulted in 76.4 
liters/capita/day (Palestinian Water Authority, 2013b). The amount of 
domestic consumption per capita is not fully known, since this is not 
separated in the accessed statistics. WHO sets the minimum amount of 
water for domestic use required for a healthy life as 100 liters/capita/day 

Fig . 1. Division of West Bank in North-Eastern, Eastern and Western aquifers. 
Adapted from Akiko Harayama, UNEP/DEWA/GRID-GenevaInvalid source specified.  
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(Howard & Bartram, 2003). This indicates serious freshwater shortages 
in the West Bank. 
Constructing surface water dams in areas with very high evaporation rate 
is counter intuitive. But the answer lays in the fact that Palestinians have 
more control over surface than ground water (PWA, 2014). Another 
negative impact is the high amount of fine sediment transport from the 
mountains to the reservoir that can clog drainage structures and 
eventually raise the dam bottom sediments.  
The aim of this study is to increase the hydrological understanding of Al 
Auja dam catchment in order to calculate the increased volume of water 
after including the larger adjacent watershed north of the current one. 
The aim is reached by: 
- Hydrological modelling of Al Auja dams current watershed for the 

two rain seasons 2011-2013 both with event based and continuous 
modelling 

- Using the results from the hydrological modelling of the current 
catchment to model a scenario where the larger northern adjacent 
watershed is included during 2011-2013 

- Estimating how much more water would have reached the dam 
during the winters 2011-2012 and 2012-2013 if the large northern 
adjacent watershed were redirected to the reservoir. 

1.1. Similar cases 
 Estimation of available surface water resources in Cantabria, North Spain 1.1.1.
The projections of population growth suggest an increase in population 
in nearest future in West Bank (PCBS, u.d.). The increase in population 
will in its turn increase pressure on water resources in the region. 
However West Bank is not the only place in the world with increasing 
demand for water resources. As development levels of Spain increase so 
does the water consumption, which is followed by a decrease in available 
water resources (García, et al., 2008). 
This study describes estimation of available surface water resources in 12 
basins in the Northern Spain by means of numerical modelling. Data 
availability for the study area suggested the use of a lumped continuous 
simulation model; HEC-HMS Soil Moisture Accounting loss method has 
been chosen as a numerical tool since it was capable of representing 
different mechanisms of rainfall-runoff process and also because of the 
author’s acquaintance with this model.  
This study is somewhat similar to the current study, in the sense that it is 
also a mountainous region with steep slopes, poor water storage 
capacities, good precipitation data coverage and choice of HEC-HMS 
SMA loss method as main numerical tool. 
Of course there are some differences both in data availability and 
methodology, e.g. study area in the northern Spain is gauged, though 
scarcely. Also amount of data available made it possible for 
implementation of base flow in the assessment compared to Al Auja, 
where lack of data made it impossible to consider the base flow. 
 Event and continuous hydrologic modeling with HEC-HMS 1.1.2.
Xuefeng Chu and Alan Steinman discuss event and continuous 
hydrological modeling with HEC-HMS with application to Mona Lake 
watershed, west Michigan (Chu & Steinman, 2009). The authors point 
out that fine-scale event hydrological modeling is specifically beneficial 
for understanding hydrological processes in detail and for. Event based 
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modelling suites well for identifying important parameters, which later 
can be used in coarse-scale continuous modelling, especially if long term 
monitoring data is of a poor quality, missing or for some other reason 
not available.  
The authors suggested the use of The Soil Conservation Service curve 
number (CN) method for the event based modelling and Soil Moisture 
Accounting loss method (SMA) for the continuous modelling.  The CN 
method has been used for identifying relevant parameters, which were 
later used in the continuous hydrological model.  
The procedure chosen by the authors reminds very much of the one for 
this particular study, in which CN method has also been chosen for the 
event based modelling and SMA for the continuous modelling. 

1.2. Study area 
The study area consists of two watersheds, the current contributing area 
to Al Auja dam and a river catchment area next to the dam. Al Auja dam 
is located one km west of the village Al Auja, about 10 km north of 
Ariha in the Jordan valley (Fig. 2). The watershed stretches 
northwestwards up into the mountains. It is about 18 km long and 2.5 
km wide and has an area of 44 km2. The adjacent river watershed area is 
69 km2 and located north of the current dam catchment. The river is 
intended to be redirected to the dam reservoir that then gets a catchment 
of 113 km2.  
The area has a very variable topography, high mountains and plateaus, 
steep valley sides in the west and flat desert parts in the east (Fig. 3-5). 
The elevation difference between the highest and the lowest point is 
more than 1 km. There is a sharp transition in elevation between the 
mountains and the flat areas in the Jordan rift valley.  

Fig . 2. Map over the study area with simplified current Al Auja dam watershed 
(stronger blue) and northern adjacent catchment. Adapted from Google Maps, 
Invalid source specified. 
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Most of the precipitation originates from the Mediterranean Sea in the 

Fig . 3. View over the middle and lower parts of the study area. Photo by Otto 
Rimfors 

Fig . 4. Example of the topography in the middle part of the study area. Photo by 
Otto Rimfors 
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west of the catchment. The precipitation on average is more than 600 
mm/year in the mountains and less than 150 mm/year in Ariha in the 

Fig . 5. Example of flat topography in the lower part of the study area. Photo by Otto 
Rimfors 

Fig . 6. Example of grasslands in the lower part of the study area. Photo by Otto 
Rimfors 



Hydrological modelling of al Auja earth dam in the Lower Jordan Valley 

7 
 

Jordan valley (PCBS, 2013a). The temporal distribution of the 
precipitation is not even over the year but concentrated in a period from 
December to March (PCBS, 2010). The potential evaporation is high, 
2000-2200 mm/year (PCBS, 2013b). This shows that the study area is 

Fig . 7. Example of sparsely vegetated landscape in the middle part of the study 
area. Photo by Otto Rimfors 

Fig . 8. Occasional patches of grass can be found in the middle and upper part of the 
study area. Photo by Otto Rimfors 
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very dry in the summers. The part of the catchment located in the Jordan 
valley is essentially a desert, with few plants but some winter seasonal 
grass lands (Fig. 5-6).  Sparse vegetation is distributed in the 
mountainous area, mostly low bushes and shrub and patches of seasonal 
grass lands but large areas are also bare (Fig. 7-9).  
Cultivated tree groves stretch over the landscape where there is enough 
soil cover (Fig. 10).  They are organized in terraces with plowed clay to 
capture as much water as possible when it rains.  
 
There are a few villages in the study area with a total population of about 
10 000 people (PCBS, 2008). Bedouins also herd sheep and goats in the 
area (Fig. 11).  
Four different geological formations are cropping out in the catchment 
area; Abu Dis, Hebron-Bethlehem, Jerusalem and Quaternary (Fig. 12).  
The Abu Dis formation consists of white chalk with two bands of chert 
and flint (SUSMAQ, 2002). It is considered to be an aquiclude with a 
thickness about 200 meters which varies between different locations.  
Hebron-Bethlehem formation is generally seen as two different formations, 
but not in the available GIS data. They are both karst, highly permeable 
and contain mainly dolomite and limestone. Jerusalem is also karst and is 
built up by thinly bedded limestone. The lowest part of the Quaternary 
formation consists of a 2 meter thick layer of conglomerate by sand and 
limestone. A bedding structure of 11 meter sand and 0.5 meter loamy 
soil is lying above the conglomerate. The grain size decreases towards 
the surface.  
The soils in the catchment are divided into several different types based 
on their agricultural characteristics, but are relatively homogenous from a 
hydrological perspective. The field visit showed that almost all soil is 
either clay or silty-clay (Fig. 13). Some areas have a low fraction of stones 

Fig . 9. Example of bare landscape in the study area. Photo by Otto Rimfors 
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in the soil. The soil cover is very thin, estimated to an average of 0.3 m 
throughout the catchment based on field observations (Fig. 14). Bare 
rock is also common in the mountainous part of the catchment (Fig. 9). 
The thickness of the alluvial in the valley can probably reach ten meters 
in some places, but is assumed to play a minor role in the hydrological 
system because of the hard, compacted clay-silty clay top layer that has a 
very low permeability.  

Fig . 10. Olive groves in the upper part of the study area. Photo by Otto Rimfors 

Fig . 11. Grazing sheep belonging to one of the bedouin communities. Photo by Otto 
Rimfors 
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Fig . 12. Representation of the different geological formations in the dam catchment 
area. 

Fig . 13. An example on how feel test can be done in the field. Photo by Otto 
Rimfors 
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2. MATERIAL – DATA USED IN THIS STUDY: 
2.1. Spatial Data 

- DEM 
A digital elevation model (DEM) with 25 meters resolution covering 
the Al Auja catchment was provided by the S.M.A.R.T-project (App. 
I, Fig. 1). 

- Soils 
The soil data was intended to be used rather for agricultural purposes 
and therefore lacks hydrological information such as infiltration rates 
and grain sizes.  

- Geology 
The geology data set describes the distribution of the geological top 
formation. This is relevant for potential recharge of spring water and 
infiltration (App. I, Fig. 2). But it lacks information about 
permeability and infiltration rates. 

- Land use 
The land use data displays which areas are used for different forms of 
agriculture, natural grass lands or sparsely vegetated (App. I, Fig. 3).   

- River network 
The river network shows where the rivers run in reality. It can 
sometimes be deceiving to only use the DEM to produce a river 
network. 

- Satellite imaging 
Palestinian Ministry of Agriculture (PMA) provided a high resolution 
satellite image of the area. This made it easier to confirm for example 

Fig . 14. Example of the soil thickness. Photo by Otto Rimfors 
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land uses and to estimate river bed widths. But the imagery is from 
just one season, which makes it difficult to draw conclusions on for 
example vegetation.  

- Towns and rain stations 
Coordinate data for towns and villages in the area was used, mainly 
for the localization of the rain stations and measuring stations for 
evaporation, which were set with the same coordinates as the 
corresponding village. 

2.2. Temporal data 
- Precipitation 

Hourly precipitation data for the 2011-2013 periods was accessed 
through the S.M.A.R.T. project for Ein Samia, Taybeh, Kafr Malik, 
Al Auja and Ariha (Ries, 2014). By investigation of the precipitation 
data it was found that It contains periods of missing data. There are 
two events large enough to give a response by the pressure diver per 
winter season (App. I, Fig. 4-5). 

- Evapotranspiration 
Monthly average data for Ramallah and Ariha for 2010-2011 was 
used in this study. No more recent monthly evapotranspiration data 
was accessed. These two cities are the ones closest to the study area 
with available data. 

- Al Auja reservoir water levels 
Pressure measured in 20 minute intervals in the dam reservoir for 
2011-2013 was recorded as the water level in the reservoir. Because 
of the location of the diver, it cannot record water levels below about 
30 cm (App. I, Fig. 4-5). 

2.3. Field observation data 
- Soil types and cover 

Soil types were estimated in the field and laboratory. The soil cover 
and thickness were observed in several parts in the catchment. 

- Vegetation 
The vegetation cover was investigated during the field visits and 
contributed to better grasp the characteristics of the catchment 

- Topography and outcrops 
Field visits contributed to the understanding the extreme slopes 
present in the catchment as well as the general distribution of rock 
outcrops 

3. METHOD 
The process of modelling Al Auja dam catchment consists of several 
parts; all required for the success of the project modelling, but 
sometimes performed independently from each other.   

3.1. Conceptual model 
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The conceptual model describes the hydrological system (Fig. 15). When 
the rain falls a part of it will be intercepted by plant canopy, part of 
which will be temporarily stored in depressions on the soil surface and 
rock outcrops or infiltrated into the soils. If there is any excess 
precipitation, with a rate higher than infiltration, it will transform to 
surface runoff. Groundwater flows are ignored due to the low 
permeability of the clay layer covering the catchment, the intense nature 
of the local rain events, steep slopes and especially lack of data of the 
underlying karst system. Infiltrated water is stored in the soil, some of it 
percolates deeper and is seen as lost from the system. The rest can 
evapotranspirate over time. The excess precipitation flows over land into 
rivers, where there is also some soil infiltration through the river beds, to 
finally reach the dam reservoir.  

3.2. Field investigations 
Several field visits to the dam reservoir and its catchment were made. A 
simple map was created with the delineated catchment of Al Auja dam 
for navigation with a GPS device in the field. Points were recorded for 
each measurement and notes were taken for each sample point with 
results and comments. The soil type was examined in the catchment in 
order to estimate infiltration rates. Mostly areas close to roads where 
investigated due to the steep terrains which were difficult to reach, 
therefore large parts of the catchment were neither investigated nor 
sampled. It was assumed that similar conditions exist at the same 
elevation in other locations in the area. 
 

Fig . 15. Conceptual model of the hydrological system after which the numerical 
model has been constructed. 
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The soil types were mainly investigated through the feel method (Thien, 
1979). To determine soil texture with the feel method one needs to have 
a small amount of the soil from a test sample and some clean water.  The 
instructions for the feel method test are made in form of an algorithm. 
The person analyzing the soil performs actions described in the 
algorithm and finally defines soil texture. It is not a very exact method, 
but very fast and easy (Fig. 13). Thanks to the chosen sampling 
technique many samples could be taken (Fig. 17). The sample results 
were compared with two other methods, use of a minidisk infiltrometer 
in the field and the rolling test on 8 soil samples in the laboratory. The 
infiltration rates acquired with the minidisk infiltrometer were compared 
to standard literature values for different soil types and soil texture was 
determined. Results acquired during the rolling test were also compared 
to the standard values for different soil types. 
 
The vegetation and rock outcrops were also observed in the field as well 
as the surface structure and the occurrence of sinks and caves. No 
quantitative or systematic measurements were made regarding aspects of 
the catchment characteristics other than the soil types. 

3.3. Spatial data Preprocessing - Preparation of the hydrological 
model 

The catchment model was prepared using HEC-GeoHMS in ArcMap. 
The terrain and basin processing procedure from Digital Elevation 
Model to basin model export to HEC-HMS was performed as described 
in the HEC-GeoHMS User Manual (Fleming & Doan, 2013). The 
derived river system was compared with the one observed in satellite 

Fig . 17. Locations where field tests have been carried out, i.e. feel tests and 
infiltration tests. Feel tests have been carried out at every test location, but 
infiltration tests were only carried out in the upper part of the catchment (left 
most part of the area). Dam reservoir is shown with purple.  
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pictures of the catchment. The outlet of the catchment was placed at the 
entrance of the dam reservoir and the contributing area to this point was 
derived from the DEM. 
The catchment was divided into sub-basins. Each sub-basin is internally 
assumed to be homogenous but they are different from each other. The 
sub-basins contain information such as area, shape, slope, lag-times and 
soil properties. The river network is also divided into river sections, with 
homogenous conditions within one section. The rivers have data of for 
example slope, length, start and end elevation and cross sectional shape. 
Curve numbers for the sub-basins were calculated based on the soil and 
land use data according to TR 55 and the procedure described in the 
HEC-GeoHMS User Manual (NRCS, 1986; Fleming & Doan, 2013).  
No systematic land cover survey was performed; the GIS based land use 
classification accessed was used because of lack of alternative data even 
though it is clear that the category “Sparse vegetation” included very 
different types of vegetation. The curve numbers were also used to 
calculate the lag-times of the sub-basins. 
The hydrological structure, basin and river parameters were imported 
from the GIS-processing in HEC-GeoHMS to HEC-HMS. This 
includes for example curve numbers, lag times, river and basin slopes, 
sub-basin areas and times of concentrations. 

3.4. Temporal data preprocessing 
Precipitation data from five different rain stations in Taybeh, Kafr Malik, 
Ein Samia, Al Auja and Ariha around the dam catchment was accessed 
(Fig. 18). The data series contained missing periods which were filled 
through interpolation. The filled precipitation data was used for spatial 
interpolation. 
The data series for both the precipitation and the evapotranspiration 
needed to be spatially interpolated to be used in HEC-HMS.  
The diver data needed to be corrected for the barometric pressure. 
 interpolation of missing data 3.4.1.
There are three periods of missing precipitation data for two stations; Al 
Auja and Kafr Malik. A simple interpolation was made through finding a 
scaling factor for how much more it rains in Al Auja compared to Ariha 
in average per year over the two winter seasons 2011-2013. Periods with 
missing data in Al Auja were excluded from the comparison. The 
missing data for Al Auja was then calculated as the one in Ariha at the 
same time multiplied with the resulting scaling factor (Eq. 1). The reason 
why only Ariha was used here is due to the fact that these stations are 
located in the Jordan valley and not in the mountains where the other 
three stations are situated.  

PAlAuja(t) is the interpolated precipitation in Al Auja at time t, PAriha (t) is 
the precipitation in Ariha at time t. a is the scaling factor. 
A similar approach was used in the calculation of the missing data in 
Kafr Malik but then as an average of the scaling factors and precipitation 
data from Ein Samia and Taybeh (Eq. 2).  
 

 𝑷𝑨𝑨𝑨𝑨𝑨𝑨(𝒕) = 𝑷𝑨𝑨𝑨𝒉𝑨(𝒕) ∗ 𝑨 Eq.1 
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PKafrMalik(t) is the interpolated precipitation in Kafr Malik at time t, PTaybeh(t) 
and PEinSamia(t) are the precipitation in Taybeh and Ein Samia respectively 
at time t with their scaling factors b and c.  
 Spatial interpolation of precipitation distribution 3.4.2.
Each sub-basin was set with an interpolated time series of rainfall data. 
Simple inverse distance weighting (IDW) was used for the interpolation 
(Franke, 1982).  
A stronger correlation between elevation and rainfall distribution than 
just horizontally between the measuring stations was assumed. High 
amount of rainfall is considered to be connected to high elevation. 
Interpolation with respect to both elevation and horizontal distances has 
been performed to find the differences between the two approaches. 
The precipitation for one specific hour at time t in one sub-basin with 
the midpoint x, y is then calculated as follows: 
 

 
𝑹(𝒙,𝒚, 𝒕) =

∑ 𝑫𝑨
−𝒑 ∗ 𝑹(𝒕)𝑨𝒏

𝑨=𝟏

∑ 𝑫𝑨
−𝒑𝒏

𝑨=𝟏
 Eq.3 

 
n is the number of rain stations, Di is distance from the rain station i to 
the sub-basin with the midpoint x and y, p is the power parameter 
(default value of p=2 has been used) and R(t)i is the measured rainfall at 
rain station i at time t. 

 
𝑷𝑲𝑨𝑲𝑨𝑲𝑨𝑨𝑨𝑲(𝒕) =

𝑷𝑻𝑨𝒚𝑻𝑻(𝒕) ∗ 𝑻 +  𝑷𝑬𝑨𝒏𝑬𝑨𝑬𝑨𝑨(𝒕) ∗ 𝒄
𝟐

 Eq.2 

Fig . 18. Current Al Auja dam catchment together with the northern adjacent 
catchment. Position of the 5 rain station is shown together with the river system in 
the area.  
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Coordinates for the geographic midpoints of the sub-basins and the 5 
measuring stations were used for the horizontal IDW. Distances from 
each sub-basin to each existing rain station have been calculated using 
the following formula (Franke, 1982): 
 

 
𝑫𝑨 = �(𝑿𝑹 −  𝑿𝑨𝒏𝒕)𝟐 + (𝒀𝑹 −  𝒀𝑨𝒏𝒕)𝟐 Eq.4 

 
Di is distance from a scatter point (rain station) to interpolation point, 
XR, Xint, YR and Yint are x- and y-coordinates of rain stations and sub-
basins respectively.  
Elevation IDW considers rainfall distribution with respect to elevation. 
It was calculated in the same way as horizontal IDW, with the difference 
that horizontal distance is replaced with elevation difference.  The 
elevation of a sub-basin is here defined as the mean elevation of the sub-
basin. The precipitation for one specific hour at time t in one sub-basin 
with the mean elevation h is then calculated as follows: 
 

 
𝑹(𝒉, 𝒕) =

∑ ∆𝒉𝑨
−𝒑 ∗ 𝑹(𝒕)𝑨𝒏

𝑨=𝟏

∑ ∆𝒉𝑨
−𝒑𝒏

𝑨=𝟏
 Eq.5 

 
n is the number of rain stations, ∆hi is the elevation difference from rain 
station i to the sub-basin with mean elevation h and p is the power 
parameter (default value of p=2 has been used) and R(t)i is the measured 
rainfall at rain station i at time t. 

Fig . 19. Rain stations At Tayba, Kafr Malik, Ein Samia, Al Auja and Ariha. Apart 
from these 5 settlements a city of Ramallah is shown, where average monthly 
evapotranspiration has been measured. Green 90 degrees sectors are the rain 
wedges that have been used for elevation adjustment of the rain stations during 
IDW interpolation with elevation. 
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The precipitation-elevation correlation might be more complex than just 
comparing the elevation of the precipitation measuring stations and their 
recorded rainfall. If a station A is located on a mountain side or just next 
to a high mountain ridge, it might record greater amounts of rainfall than 
a higher second station B, which is still lower than the mountain of 
station A. Since the study areas topography is extremely varied and some 
stations located just east of high mountains the precipitation-elevation 
correlation between the rain stations was investigated and compared to a 
scenario where the elevation of the rain stations was systematically 
altered to the highest point within a 90° wedge with a 1.5 km radius to 
the west for each station (Fig. 19). The scenario showing the strongest 
elevation-precipitation correlation was used for the elevation IDW.  
The interpolated time-series for all sub-basins were imported into HEC-
HMS. 
  
 Interpolation of monthly average evapotranspiration 3.4.3.
There is a possibility to consider evapotranspiration losses in the HEC-
HMS meteorological model. To include evapotranspiration losses in the 
model, sub-basins have been assigned with one evapotranspiration gage 
each. The gages have been assigned with average monthly potential 
evapotranspiration data that has been linearly interpolated from monthly 
average potential evapotranspiration values measured in Ramallah and 
Ariha for the period 2010-2011. The evapotranspiration during month i 
for the sub-basin with mean elevation x is calculated as follows: 
 

 𝒚(𝒙, 𝑨) = 𝑲𝑨𝒙+ 𝑬𝑨 Eq.6 
 

ki is calculated as: 
 

 ETi,Ariha − ETi,Ramallah
HAriha − HRamallah

 Eq.7 

 
ETi, Ariha is the evapotranspiration measured in Ariha during month i, ETi, 

Ramallah is the evapotranspiration measured in Ramallah during month i. 
HAriha and HRamallah are the elevations of Ariha and Ramallah respectively. 
mi is calculated as:  
 

 mi =  ETi,Ramallah − HRamallah ∗ ki Eq.8 
 

 Diver data correction 3.4.4.
Results produced with the model have been compared with pressure 
data collected by a diver installed at the dam foundation. The reason for 
the diver installation was to measure the change in pressure due to water 
accumulation. However to avoid burial of the diver by the sediments it 
has been installed approximately 30 cm above the dam bottom. The 
diver was also repositioned after heavy sedimentation during the first 
rain season 2011-2012. A barometric diver should be installed at the 
same altitude as the pressure diver at the dam in order to accurately find 
the water levels in the reservoir. But the accessed barometric diver is 
placed approximately 350 meters above the diver in the dam reservoir. A 
correction accounting for the elevation difference between two divers 
was performed. 
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To calculate the water column at different times above the diver the 
following expression was used (Schlumberger Water Services, 2010):  
 

 
WC = 9806.65 ∗

Pdiver − Pbaro
ρ ∗ g

 Eq.9 

 
WC is water column in cm, Pdiver is the pressure in cm water measured by 
the diver, Pbaro is the atmospheric pressure in cm water measured by the 
barometric diver, ρ is the density of the water, 1000 kg/m3 and g is the 
acceleration constant, 9.81 m/s2.  
 
However, since the diver and the barometric diver were installed at 
different elevation the difference in pressure corresponding to the 
difference in elevation had to be withdrawn and therefore water column 
has been calculated using following expression: 
 

 WCCorrected = WC− 43.7 Eq.10 
 

After the water columns were calculated the second correction could be 
performed. As mentioned before, the diver was installed approximately 
30 cm above the dam bottom. Therefore the real water levels in the dam 
were acquired by adding 30 cm to each water column value. 
 

3.5. Modelling in HEC-HMS 
HEC-HMS is a hydrological modelling software developed by the US 
Corps of Engineers (Feldman, 2000). It can utilize a number of 
mathematical models to simulate precipitation, evapotranspiration, 
infiltration, base flow, open channel routing and excess precipitation 
transformation. One of the great benefits of this software is that it is free 
and therefore has a large global user community. It is easy to learn to use 
but is still capable of simulating complex hydrological systems. 
The hydrological system of Al Auja dam catchment was simulated in 
HEC-HMS using two different loss methods for runoff creation: SCS 
Curve Number (CN) and Soil Moisture Accounting (SMA). The 
methods chosen for the simulation purposes were used due to the limits 
of accessible data of the catchment and the rainfall as well as for 
simplicity. 
 SCS Curve Number loss method 3.5.1.
The SCS CN method is a widely used method when modelling rainfall 
events. It has the benefit of being conceptually fairly simple and easy to 
understand.  In this study it was used as a complementary method to 
investigate different individual rain event scenarios. The procedure is 
thoroughly described in the TR 55 from 1986 (NRCS, 1986).  
Initial abstraction 
An amount of precipitation in the beginning of an event is trapped in 
cracks, sinks and other formations or structures that prevent initial 
overland flow. When the initial abstraction is exceeded, all the following 
precipitation skips these storage volumes and are only affected by 
infiltration and evapotranspiration when turning into runoff.  
Initial abstraction can by calculated as (Feldman, 2000): 
 

 Ia = 0.2 ∗ S Eq.11 
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S is potential maximum retention.  
Here it was seen as an adjustable parameter for calibration and thus not 
calculated. 
Curve Numbers 
The concept of curve numbers (CNs) represents the continuous losses 
after the initial abstraction has been exceeded by the precipitation 
(Feldman, 2000). The continuous losses are infiltration and 
evapotranspiration. The curve numbers range between around 30, which 
signifies a soil and land use with very high infiltration rates and 100, 
which acts as water where all precipitation becomes runoff. The curve 
numbers were found through both the land use and the soil type in 
tables published by the SCS and imported from HEC-GeoHMS to 
HEC-HMS. 
When the catchment consists of different land uses and soils, the CN is 
calculated as (Feldman, 2000):  
 

 
CNcomposite =

∑AiCNi
∑Ai

 Eq.12 

 
Ai is the area with a certain CNi. 
The event based version of the model, with the SCS Curve Number loss 
method, was calibrated to match the diver data to the winter 2011-2012. 
All events showing a dam water level response were used to find 
parameter values that best could match the proportions between the 
responses. Events that didn’t cause a diver response were also used in 
the calibration process. The simulations should not show an inflow after 
such an event. The CN values were not adjusted in the calibration 
process but stayed as set in HEC-GeoHMS. 
 Soil Moisture Accounting loss method 3.5.2.
Soil Moisture Accounting (SMA) loss method is the second chosen loss 
methods for the sub-basins. Unlike SCS CN model SMA model is a 
continuous model, i.e. it is possible to run SMA through both wet and 
dry periods and therefore run the model over much longer periods of 
time (Feldman, 2000). To represent water movement through the 
ground it uses three layers: soil storage, upper groundwater and lower 
groundwater. The precipitation that infiltrates into the ground surface 
enters the soil storage. The water can leave the soil storage either by 
percolation to deeper levels or through evapotranspiration. No 
horizontal movement is considered in the ground in this study. Due to 
the karst nature of the underlying lime stone, the water percolated is seen 
as lost from the system. It is assumed that water flows much faster 
through these structures than through the silty clay. Therefore neither 
groundwater storage nor flows are considered in the model. The 
precipitation exceeding losses due to evapotranspiration and infiltration 
turns into runoff. The SMA model can be equipped with other methods 
for interception and surface abstraction to better represent the local 
hydrological system. Here the Simple Canopy and Simple Surface 
methods were used. 
Simple canopy 
The simple canopy method considers water intercepted by vegetation 
and has three parameters: initial storage, maximum storage and crop 
coefficient (Feldman, 2000). A fraction of the rain drops will be 
intercepted and captured by the leaves and branches of the trees or 
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bushes and the strains of grass. Only the excess precipitation will pass on 
to the next step in the model. The rest, the intercepted amount, will 
eventually get lost from the system through evaporation.  
The canopy storage can be found in different ways, either through 
measurements, estimations or by calibration (Feldman, 2000). Here the 
canopy storage was estimated and used as a calibration parameter. The 
values for canopy storage in this case are highly uncertain due to the lack 
of data. Vegetation was observed during field visits. In this case 
interception is most probably greater in the higher and middle part of 
the catchment area. This assumption is based upon the fact that in upper 
and middle parts of the catchment area vegetation appears in form of 
grass and small bushes, whereas in the lower part there is basically no 
vegetation. The canopy storage is assumed to play a minor role in the 
hydrological system of Al Auja dam since the vegetation is so sparse. 
Simple surface 
The simple surface method considers water stored on the soil surface 
and consists of two parameters: initial storage and maximum storage 
(Feldman, 2000). If the precipitation exceeds the canopy storage, it starts 
to fill the surface storage. The surface storage consists of cracks, small 
holes and other structures that might trap the water on top of the 
ground. When it is exceeded overland flow can begin. But infiltration 
also takes place from the surface storage. Runoff only occurs when the 
surface storage is exceeded by the precipitation and its intensity exceeds 
the infiltration rate. The surface storage parameter is also considered as a 
calibration parameter and its values as highly uncertain. 
Soil and tension storage 
Homogeneous conditions for the soil and tension storage throughout 
the catchment was assumed for simplicity and lack of data. 
The soil storage compartment receives water from infiltration from the 
surface storage and loses water due to both evapotranspiration and 
percolation. The soil storage consists of the interconnected pore volume 
of the soil, the effective porosity, and is expressed in millimeters. It was 
calculated by multiplying the soil thickness with its effective porosity: 
 

 Soil storage =  ηe ∗ d Eq.13 
 

ηe is effective porosity and d represents soil thickness. 
The tension storage is a part of the soil storage that doesn’t drain, or 
percolate. It only loses water through evapotranspiration. It was 
calculated by multiplying the soil thickness with the field capacity: 
 

 Tension storage = FC ∗ d Eq.14 
 

FC is field capacity of the specific soil type and d is soil thickness. 
Because the effective porosity, field capacity and soil thickness were seen 
as more intuitive parameters, ranges for these were based on findings 
during field visits where soil types and thicknesses were determined. 
Literature values were used for effective porosity and field capacity for 
the found soil types. The calculated values for Soil and Tension storage 
were then used in HEC-HMS. Field capacity, effective porosity and soil 
thickness were seen as adjustable parameters used for calibration. 
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Infiltration and percolation 
Because of the assumption of homogeneous soil conditions in the 
catchment, the infiltration and percolation rates are also assumed to be 
homogenous. An initial range of infiltration rate of 1 – 10 mm/hour was 
found reasonable for the soils present in the catchment (Brouwer C., 
1990). Percolation rate has been set equal to infiltration. This assumption 
is based on the fact that the sub-surface geology in the catchment area 
mainly consists of karst limestone. The limiting factor is therefore not 
the layer under the soil layer, but the soil layer itself. 
Evapotranspiration 
Water can be lost through evapotranspiration from the canopy, ground 
surface, soil and tension storages. The rate at which it is lost is set as 
monthly averages. The actual evaporation from the canopy and surface 
storage is equal to the potential evapotranspiration until there isn’t any 
more water in the compartment. 
The actual evapotranspiration from the soil and tension storage is 
calculated as (Feldman, 2000): 
 

 ActEvapSoil = PotEvapSoil ∗ f(CurSoilStore, MaxTenStore) Eq.15 
 

PotEvapSoil is the calculated maximum potential evapotranspiration and 
MaxTenStore is the maximum storage in the tension storage 
compartment.  CurSoilStore is the current water content in the soil storage 
compartment. The function f equals one (1) when 
CurSoilStore/MaxTenStore>1 and towards zero as the water in the tension 
storage decreases (App. II, Fig. 1). 
The potential evapotranspiration data, in the form of monthly averages 
between 2010 and 2011 were imported into HEC-HMS. 
 Runoff transformation method 3.5.3.
The method used for transforming the excess precipitation to outflow 
from the sub-basins was the SCS Unit Hydrograph (UH) method. The 
SCS UH method is also widely known and used for modelling the 
outflow hydrograph of sub-basins. It was developed through measuring 
hydrographs for numerous small agriculture watersheds and creating a 
generalized, dimensionless, unit hydrograph (App. II, Fig. 2) (NRCS, 
1986). Its shape and area is determined by the lag-time and area of each 
sub-basin and made for one millimeter of uniform precipitation during a 
time period. This is then multiplied and super-positioned with the 
amount of millimeter precipitation.  
The peak of the unit hydrograph Up and the time of the peak Tp are 
correlated through (Feldman, 2000): 
 

 
Up = 2.08

A
Tp

 Eq.16 

 
 A is the area of the sub-basin and Tp is calculated by (Feldman, 2000): 
 

 
Tp =

∆t
2

+ tlag Eq.17 
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∆t is the duration of excess precipitation and the lag-time tlag is calculated 
as (Feldman, 2000): 
 

 tlag = 0.6 ∗ tc Eq.18 
 

tc is the time of concentration which is the longest travel time for a drop 
of water to reach the outlet in the sub-basin. 
 
 Rivers 3.5.4.
The transport of runoff along the rivers is modelled with Muskingum-
Cunge method (Feldman, 2000). The cross section shape was set to 
rectangular due to field observations. The widths for different sections 
were identified from satellite images. The width is uncertain due to image 
resolution and the fluctuating nature of the river system because of 
erosion and sediment transport.  A manning number was chosen for the 
river beds based on the field observations and literature (Chow, 1959). 
The slope and length of the river sections were imported from HEC-
GeoHMS. River bed percolation is set equal to the soil infiltration rate. 
The Muskingum-Cunge method uses the following equations: 
 

 ∂Q
∂t

+ c
∂Q
∂x

= µ
∂2Q
∂x2

+ cqL Eq.19 

 
qL is the lateral inflow. c is the wave speed: 
 

 
c =

dQ
dA

 Eq.20 

 
And μ the hydraulic diffusivity: 
 

 
µ =

Q
2BS0

 Eq.21 

 
B is the top width of the river surface and S0 the bottom slope. 

3.6. Simulating the current watershed 
No inflow data could be obtained for the dam reservoir, except for the 
water levels from the diver. The diver data, when comparing to the 
precipitation, shows the rain events that result in a response in the water 
level of the dam reservoir. It can also give a hint which rain event causes 
a bigger response than others. During a rainfall event it is assumed that 
the different storage compartments in the catchment need to be filled 
before any water will reach the reservoir. This is supported by comparing 
diver and precipitation data. This information was used to find more 
fitting parameter values for the two simulation versions.  The simulation 
with the current watershed using the CN loss method is referred to as 
CURRENTCN. 
The model using the SMA loss method uses parameters with a range of 
acceptable values. Several specific values within these ranges will 
produce results that match the recorded dam response in terms of timing 
and proportion. A set of parameter values producing results that match 
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the water level observations, but still creating the maximum dam inflow 
were found. For simplicity these different versions and parameter 
settings are referred to as: 

- CURRENTSMA , the model is run for the current watershed and 
parameters producing the highest dam inflow 

The adjustable parameter for the simulations with the CN loss method 
was solely Initial Abstraction. The model was run with a number of 
different values until it produced results that captured the timing and 
proportions of the rain events measured by the pressure diver during the 
winter 2011-2012. All events showing a dam water level response were 
used to find parameter values that best could match the proportions 
between the responses. Events that didn’t cause a diver response were 
also used in the calibration process. The simulations should not show an 
inflow after such an event. The CN values were not seen as adjustable in 
the calibration process but stayed as found in the literature. 
The adjustable parameters for the simulations using the SMA loss 
method were effective porosity, field capacity, soil thickness, infiltration 
rate and river bed percolation rate. The parameters were adjusted in 
order to find output results that would match the dam responses shown 
by the diver data for the winter 2011-2012. They were also adjusted so 
that the proportions of the different responses would match. A bigger 
difference in the increase of the water level should also be found in the 
model output. Using only the first of two available winter seasons allows 
for validation using the winter 2012-2013. 

3.7. Testing the simulations 
When suitable parameter settings were found for the winter 2011-2012, 
the simulations were run for the winter 2012-2013 to check if the 
parameters actually worked for other seasons than the one used for 
calibration. 

3.8. Simulating the expanded catchment 

The simulations calibrated for the current watershed were modified for 
the expanded watershed, which is the merged one of the current dam 
reservoir and the nearby river. The HEC-GeoHMS preprocessing was 
repeated for the now expanded watershed to find a new model structure 
for the different and larger area. The spatial interpolation of precipitation 
and evapotranspiration was also repeated for the expanded watershed. 
The adjustable parameters, initial abstraction, effective porosity, field 
capacity, canopy and surface storage, infiltration and percolation were 
imported from the scenario with the current watershed. Other input 
parameters are different because of for example different area, slope and 
land use. The simulation with the expanded watershed with the CN loss 
method is referred to as EXPANDEDCN. The simulation using the SMA 
loss method was modified for use with the expanded watershed and 
referred to as EXPANDEDSMA. 

The differences between the two scenarios in modelled inflow to the 
dam can be used to estimate how much more rainwater runoff will reach 
the dam reservoir after redirecting the adjacent watershed. 
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3.9. Combining model results with recorded water levels 
Since the dam inflow was not monitored, but only water levels, it’s hard 
to know how much water reached the reservoir after a rainfall event. But 
thanks to the recorded water level, it was possible to compare these with 
the results from simulations after specific rain events in the current 
scenario with results for the expanded watershed. This is a way of 
estimating how much greater volumes the dam needs to be able to 
collect when expanding the watershed.  Comparing results for whole 
seasons can be misleading since there is significant water losses from the 
reservoir between events which makes the water levels decrease rapidly. 
The comparison of water levels and modelled inflow was performed 
using both loss methods.  

4. RESULTS 
4.1. Field investigations 

The soil type in throughout all sampling points in the catchment area 
was identified as either clay or silty clay. The infiltration rate range for 
this type of soil was found through literature which was 1-10 mm/hour. 
During the field visits it was noted that the areas assigned as sparsely 
vegetated in the Land Use dataset in GIS are internally very different. In 
the upper part of the catchment they consist of low brush and grass. In 
the lower parts in the Jordan valley the soil is more or less bare, with 
only small parts of grass, a few trees and mostly a thin layer of some kind 
of moss.  
In some areas high up in the mountains, or where it is very steep, bare 
rock outcrops are common. 

4.2. Spatial data preprocessing – preparation of the hydrological 
model 

The structure used in HEC-HMS is visualized in Fig. 20-21. The current 
catchment was divided into 15 sub-basins and the expanded catchment 
into 24 (App. III, Fig. 1-2). The parameters chosen or calculated for the 
current and the expanded watershed can be found in App. V, Table 1-2. 
There are essentially three groups of land uses in the catchment, sparsely 
vegetated (CN 93), agricultural land (CN 90) and tree grove areas (CN 
85) on clay/silty clay. The vegetation data, especially the category 
“sparsely vegetated” covers large areas of the catchment. This category is 
very diverse in reality but an accepted uncertainty because of lack of 
alternative data.  

4.3. Temporal data preprocessing 
 Interpolation of missing data 4.3.1.
The scaling factors of Eq. 1-2 were found to be a = 1.23, b = 1.14, c = 
1.31. 
Examples of replaced missing data can be found in App. IV, Table 1. 
 Spatial interpolation of precipitation distribution 4.3.2.
The station with the highest elevation, Taybeh, does not show the 
highest amounts of precipitation. The second highest, Kafr Malik, 
located around 50 m below Taybeh has continuously measured more 
than 30% more rainfall. This doesn’t comply with the assumption that 
higher rainfall follows higher elevation.  
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The analysis of the interpolated precipitation data shows that Horizontal 

Fig . 20. Schematics of the HEC-HMS structure for the current Al Auja dam 
catchment. 

Fig . 21. Schematics of the HEC-HMS structure for the expanded Al Auja dam 
catchment. 
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IDW results in about 10% more accumulated precipitation in the 
catchment during the seasons 2011-2013. 
The Elevation IDW method was chosen to provide rainfall data input 
for the simulations because of the local topography which varies greatly 
even over short horizontal distances and so does the precipitation. The 
correlation after using the adjusted elevations of the rain stations is also 
strong. The elevation of all stations was adjusted to the one found in a 
1.5 km 45° wedge west of each station (Table 1, Fig.  22-23) 
Examples of the results from the spatial interpolation of precipitation 
distribution can be found in App. IV, Table 2. Due to the very large 
number of recorded data for the two investigated years, about 15000 
data points for just one station, only examples of the interpolation are 
shown.   

Fig . 22. The figure represents accumulated rainfall at 5 different stations situated at 
different elevations. Notable is that Kafr Malik station receives more rainfall that 
Taybeh station while having lower altitude. A trend line is drawn for better 
visualization of this fact. 
 
 

Table 1. Rain stations with their respective orig inal and adjusted elevations. 

Rain stations
Original 
elevation

Adjusted 
elevation

Ariha -273 -238
Al Auja -236 -139
Ein Samia 430 745
Taybeh 817 868
Kafr Malik 765 872
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 Interpolation of monthly average evapotranspiration 4.3.3.
Examples of the results from the interpolation of monthly average 
evapotranspiration can be found in App. IV, Table 3.  
 Diver data correction 4.3.4.
Examples of the data series correction can be found in Table 2. 

4.4. Simulating the current watershed 
During simulations in HEC-HMS parameters have been conditionally 
divided into two categories: adjustable and non-adjustable. After running 
simulations through period 2011 – 2012 final parameter setup has been 
chosen (App. V, table 1-4). Table 3 shows the values found in the 
calibration process for the adjustable parameters.  
Rainfall events were successfully simulated with HEC-HMS using the 
CN loss method and the parameters and data from sections 4.1 - 0. The 
simulation manages to capture both the timing and proportion of the 
recorded changes in water levels after rainfall events (Fig. 24). 
The continuous simulations with the SMA loss method in HEC-HMS 
were also able to capture the timing and proportion of the recorded 
changes in water levels after rainfalls when using the parameters and data 
from sections 4.1 - 0 (Fig. 25).  

4.5. Testing the simulations 

Fig. 23. The figure represents accumulated rainfall at 5 different stations situated at 
different elevations. This time altitude of Kafr Malik station has been modified. The 
trend line now shows a much better fit. 
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The simulations were also matching the recorded data from the dam 
during the winter 2012-2013 (Fig. 26-27). The same parameters as in 4.1 
- 0 were used along with the values of the adjustable parameters found in 
the calibration process.  

Date
Pressure measured
at the dam [cm]

Pressure measured
with baro-diver [cm]

Difference in
pressure [cm]

Water level
above diver [cm]

Corrected water 
level [cm]

1/24/13 12:00 1158 1020.2 137.8 94.1 124.1
1/24/13 12:20 1157.4 1019.9 137.5 93.8 123.8
1/24/13 12:40 1157.1 1019.7 137.4 93.7 123.7
1/24/13 13:00 1156.8 1019.5 137.3 93.6 123.6
1/24/13 13:20 1156.4 1019.3 137.1 93.4 123.4
1/24/13 13:40 1156.2 1019.2 137.0 93.3 123.3
1/24/13 14:00 1155.5 1019 136.5 92.8 122.8
1/24/13 14:20 1154.7 1018.3 136.4 92.7 122.7
1/24/13 14:40 1154.9 1018.5 136.4 92.7 122.7
1/24/13 15:00 1154.4 1018.2 136.2 92.5 122.5

Table 2. Principle behind correcting water levels at the Al Auja dam 

Fig . 24. Water flow simulation using CN loss method during one of 
the rainfall events occurred winter 2011 – 2012. 

Porosity [%] 40
Field capacity [%] 35
Soil thickness [m] 0.3

Infiltration/percolation
rate [mm/h]

7.5

Initial abstraction [mm] 25

Adjustable parameters
Table 3. Final values of the parameters that have been seen as adjustable 
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Fig. 26. Water flow simulation using CN loss method during one of the 
rainfall events occurred winter 2012 – 2013. 

Fig . 25. Water flow simulation using SMA loss method during one of 
the rainfall events occurred winter 2011 – 2012. 
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4.6. Simulating the expanded catchment 
The results from the simulations of the expanded catchment with the 
parameters found in section 4.1-4.3 and the calibrated parameters in 
section 4.4 show that the timing is almost identical, whereas the 
proportions are different, as expected with a larger watershed (Fig. 28-
31).  

4.7. Combining simulation results and recorded water levels 
For the rain season 2011-2012 the model results indicate that about 2.9 
times more runoff would have been collected from the expanded 
catchment compared to the model results for the current one according 
to the simulations with the SMA loss method. During the following 
season, 2012-2013, the dam would have received 5.4 times more runoff.  
The large rain event around 2nd of March 2012 resulted in a dam water 
level of 8.6 meters.  EXPANDEDSMA produces inflow volumes 2.8 
times greater than CURRENTSMA (Fig. 32).  
The rain event around 8th of January 2013 resulted in a dam water level 
of 3.6 meters. EXPANDEDSMA produces inflow volumes 3.9 times 
greater than CURRENTSMA (Fig. 33). 
The rain event around 31st of January 2013 resulted in a dam water level 
of 2.3 meters. EXPANDEDSMA produce inflow volumes 10.3 times 
greater than CURRENTSMA (Fig. 33).  
EXPANDEDCN result in an accumulated inflow 2.5 - 2.6 times greater 
than CURRENTCN for the three largest rainfall events, 2nd of March 
2012 and 8th and 31st of January 2013 (Fig. 34-36). 

Fig . 27. Water flow simulation using SMA loss method during one of 
the rainfall events occurred winter 2012 – 2013. 
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Fig. 29. Water flow simulation using CN loss method of an individual 
rainfall event during winter 2012 – 2013. Comparison between current and 
expanded Al Auja dam catchments. 

 

Fig . 28. Water flow simulation using CN loss method of an individual 
rainfall event during winter 2011 – 2012. Comparison between current and 
expanded Al Auja dam catchments. 



Hydrological modelling of al Auja earth dam in the Lower Jordan Valley 

33 
 

  

Fig . 30. Water flow simulation using SMA loss method of an 
individual rainfall event during winter 2011 – 2012. Comparison 
between current and expanded Al Auja dam catchments. 

 

Fig . 31. Water flow simulation using SMA loss method of an individual 
rainfall event during winter 2012 – 2013. Comparison between current 
and expanded Al Auja dam catchments. 
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Fig. 32. Difference in accumulated volume between the two simulations during 
winter 2011 – 2012. 

Fig . 33. Difference in accumulated volume between the two simulations during 
winter 2012 – 2013. 
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Fig. 34. Simulated accumulated dam inflow using CN loss method.  

Fig . 35. Simulated accumulated dam inflow using CN loss method. 
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5. DISCUSSION 
5.1. Field investigations 

The field measurements made were sufficient for the purpose of this 
study. The soil type was determined as clay or silty clay, which was clear 
according to the observations and easy to confirm. The homogenous soil 
found throughout the days in the field had a very distinct color and 
texture, making it easy to distinguish from other soils. The infiltration 
was determined from literature. 10 mm/hour, the maximum of the 
considered range, is high for a clay or silty clay, but here it was 
considered reasonable due to the karst rock outcrops in the highest parts 
of the catchment. Using a value of 7.5 mm/hour for the infiltration rate 
worked very well in the simulations, possibly supporting the choice of 
range. 
The field visits also proved to be very important for understanding the 
vegetation in the area and the classifications in the provided Land Cover 
map.  

5.2. Data preprocessing – preparation of the hydrological model 
It was possible to use the water level data from the pressure diver in the 
reservoir especially for the timing of the simulation results. The fine 
temporal resolution of both precipitation and water level data allowed 
for precise simulations in time. 
The peculiarity of the elevation of the rainfall stations not matching the 
assumption that higher precipitation follows higher elevation was dealt 
with through modifying the elevation of the rainfall stations for the 
inverse distance weighting interpolation. This is a complex problem. The 
question of why it was raining more in a lower village than a higher one 

Fig . 36. Simulated accumulated dam inflow using CN loss method. 
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that still lies close to the other is hard to answer with certainty. The 
mountain next to the rain station which receives with the most rainfall 
could be the explanation to this paradox. It is possible that the mountain 
constitutes an orographic obstacle, slowing down humid air and 
contributing to more rainfall in a lower village compared to a village 
situated at a higher elevation. But there is an obvious risk of having 
modified data to forcefully fit a perceived correlation, though the 
elevation interpolation could not have been performed without adjusting 
the elevation of the rainfall stations. The horizontal IDW interpolation 
of rainfall was not used because the distances between the stations were 
horizontally small but sometimes altitude-wise extreme. The three 
mountain stations also lay close to each other but far from the two in the 
Jordan valley. 

5.3. Simulations and interpretations 
Dividing the parameters into the two categories adjustable and non-
adjustable can be questioned. The complexity of the model increases 
rapidly with more adjustable parameters but more certain in-data of for 
example soil properties can make the model more realistic and possibly 
better at simulating the system. But that requires more time and money 
for investigations. Here the parameters found in the GIS pre-processing 
were seen as non-adjustable. The results from the field investigations 
were used to set a range of plausible numbers for the soil properties. 
These values were then seen as adjustable within these ranges. The 
division into the two categories of parameters worked for the purpose of 
the performed simulations. 
The adjustable parameters, soil porosity, field capacity, soil thickness, soil 
infiltration rate and initial abstraction are all very sensitive in the model. 
Especially the soil thickness is very sensitive since it directly affects 
several soil storage parameters in HEC-HMS. The soil thickness was 
given an estimated range from field visits, but the differences are large 
within the watershed. 
The produced simulation results seem intuitively reasonable considering 
how much larger the adjacent watershed is, despite large uncertainties in 
the simulations and great obstacles during the project. The expanded 
watershed has an area about three times larger than the smaller current 
one. More runoff should also be created in the larger watershed due to 
its land cover characteristics compared to the existing one. This is 
reflected in the results. 
Comparing inflow volumes from CURRENTSMA and EXPANDEDSMA 
with the recorded water levels obviously needs to be done with caution. 
The SMA simulations reveal an inflow volumes 2.7-10.3 times greater for 
the extended watershed than the current one after individual rainfall 
events. The range could be explained for example by the spatial 
distribution of rainfall at a specific event. If a northernmost rainfall 
measurement station records heavy rainfall, this will also cover the larger 
watershed which is located north of the current one. This could result in 
a many times larger runoff simulated accumulation in the reservoir. 
Because of the shape of the reservoir, this will not mean 2.7-10.3 times 
higher water levels. Note for example that 0.2-0.3 Mm3 modelled inflow 
31st of January 2013 resulted in a recorded 2.3 meter water level. On 2nd 
of March 2012, 1-1.4 Mm3 modelled inflow corresponded to a recorded 
8.6 meter water level in the reservoir. The water level difference is much 
smaller than the difference in modelled accumulated inflow. The CN-
version of the model supports the results from the SMA one, where 
EXPANDEDCN produced 2.5-2.6 times more modelled dam inflow than 
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CURRENTCN. But the volumes produced where still different between 
the CN and SMA versions. 
Comparing single rain events and water levels might be more relevant 
than whole seasons of accumulated runoff since the water levels drop in 
the reservoir. 

5.4. Uncertainties 
Modelling is always connected to uncertainties and errors. The reality is 
simplified to fit within the frame and constraints of a model that can be 
developed, understood and handled by the modelers. The uncertainties 
are conceptual, in the input data and the assumptions, methods and 
parameters used in the model. An initial difficulty faced in this project 
was creating a conceptual model simple enough to handle but complex 
enough to acceptably represent reality.  
The highest parts of the dam catchment could be spring recharge zones 
which, depending on how much rainwater is infiltrated to the karst 
system, can have a significant impact on the developed model. Here, 
because of the clay soil, steep slopes and intense rain events, 
groundwater was basically ignored by the fact that the infiltration 
observed was very low. The infiltrated water disappears from the 
modelled system through percolation and evapotranspiration. 
Finding data that is useful for the creation of the numerical version of 
the conceptual model was difficult due to the situation that Palestine is 
in. There is a lack of clear hydrological data infrastructure and 
management which has a large impact on the developed model. The 
simple reality of data availability in terms of finding and accessing data 
was a limiting factor and in turn creating uncertainty in the model. For 
example, the accessed evaporation data was not modelled for years.  The 
water level data from the dam reservoir wasn’t very suitable for creating 
a model aiming for inflow simulation but used to identify when runoff 
reached the dam and also as a proportional comparison between rainfall 
events and dam level response. The rain stations were not examined on-
site and their data essentially used as it were and only modified by 
interpolation for missing time periods. All these issues contribute to the 
large uncertainties imbedded in the final model of the catchment. But it 
also seems hard to get around these issues without spending time and 
money on improving automatic data collection and then re-creating a 
model in the future with more relevant data of higher quality.  
The biggest issue in the remote sensing data may have been the 
variability within the category “Sparse vegetation” that could be anything 
from basically bare soil to dense grass lands in reality. The vegetation 
also grows during the rainy season. The grass starts to grow after the first 
rain and stands tall in the end of the seasons several months later. But 
without being able to visit all parts of the catchment or access more 
accurate satellite data, this is just something one has to accept in this 
specific case study. The very homogenous conditions at the sample 
points also supports the  
The methods used in the numerical models created in HEC-HMS were 
chosen based on the available data and simplification of the processes. 
The uncertainties in the methods within the numerical models are due to 
both simplifications and especially to uncertainties in the input 
parameters. The benefit of a simple model is that it is easily understood 
and improved with better parameterization that can be achieved with 
better data series of rainfall and dam reservoir response for example.  
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The curve number version of the model was only calibrated with one 
parameter, initial abstraction. It was also adjusted as one number for all 
sub-basins. Using several values for initial abstraction for the sub-basins 
or groups of sub-basins could have represented the reality better, but due 
to rapidly increased complexity with more adjustable parameters it was 
not done. 
The recorded water levels are decreasing rapidly following a rain event, 
much faster than just solely due to evaporation. The infiltration rate 
through the reservoir bottom is unknown but much larger than expected 
since the bottom layer was previously seen as impermeable. It clearly 
isn’t. In the political context the infiltration through the reservoir bottom 
is seen as negative due to the lack of control of the groundwater. But as 
groundwater research and for the local ecosystem it can also be seen as 
positive effect in form of artificial groundwater recharge. When thinking 
of the loss of water due to evaporation the infiltration makes sure that 
the collected water stays longer in the system, to be used in one form or 
another. But the infiltration rate might decrease with each season thanks 
to the accumulation of very fine sediment in the reservoir. As the clay 
sediment thickens and clogs cracks or other structures, the infiltration 
decreases. 
There are many aspects that make it difficult to determine how much 
collected runoff the reservoir needs to be able to hold at one moment in 
time. But by comparing the simulations it is clear that the reservoir needs 
to be expanded significantly in order to be able to be operated safely. 
Another option would be to simply release excess water to the 
downstream river system. 
But it is especially difficult when considering the likelihood of two large 
rainfall events occurring very short after another. That would change the 
scenario and require an even larger reservoir. Statistically it might be 
unlikely, but could still be catastrophic.  

6. CONCLUSIONS AND RECOMMENDATIONS 
The results of the performed simulations match the responses from the 
pressure recordings of the diver installed in Al Auja dam reservoir. Not 
only does matching occur in terms of timing almost perfectly, i.e. the 
simulated peaks appear at the same time as diver response, but they also 
match relatively well in terms of proportion, meaning that the larger 
water levels recorded with the diver correspond to larger simulated 
output. 
Comparing the results from the simulations using the current and the 
expanded watershed shows that the reservoir would have received about 
three times as much runoff after a rainfall event. This was shown using 
both the SCS CN and the SMA loss method. The reservoir needs to be 
expanded. The largest rainfall event during the two investigated winters 
resulted in a water level of more than 8 meters in the reservoir. A 
threefold increase in water volumes would likely have caused an 
overflow considering the current dam specifications. 
Even though the loss methods internally show very similar differences 
between the simulated dam inflow of the current and expanded 
watershed, the volumes produced by each simulation are still different. 
The simulations using the SCS CN loss method show about 2.5 Mm3 for 
the event in the beginning of March 2012 whereas the one using SMA 
shows only 1.4 Mm3   
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More accurate and reliable simulations can most likely be assured 
through installation of flow meters in rivers to be investigated for future 
dam construction projects and for acquiring more reliable data for the 
potential expansion of Al Auja dam. A statistical study of the 
precipitation history in the catchment area should be performed along 
with an estimation of how the precipitation will change with a possibly 
different climate in the future. This is necessary to be able to perform a 
simulation using a 100 year rain, maybe even soon after another large 
rainfall event, which is useful to see how unusually large rainfall events 
impact the dam reservoir. 
With more time and resources, it would have been beneficial to perform 
infiltration tests throughout the catchment to get more site-specific and 
maybe more true values. More soil samples could have been taken from 
a larger portion of the catchment area and field infiltration rates could 
have been examined. But the complications of accessing remote 
mountainous areas, bringing equipment and having time for the 
infiltration in clay soil, made the use of literature values for infiltration 
rates a more viable option.  
Data that records the inflow to the dam reservoir might be currently 
missing but the most helpful for future hydrological modeling of the 
dam catchment. Being able to match the numerical model to a measured 
hydrograph would be an ideal scenario for modelling the catchment. 
Longer data-series of precipitation and evapotranspiration would also be 
extremely relevant for future projects. Improving data collection 
systems, management and infrastructure would most likely facilitate 
many future projects and studies necessary for the development of water 
resources in Palestine. 

  



Hydrological modelling of al Auja earth dam in the Lower Jordan Valley 

41 
 

REFERENCES 
 
Chow, V. T., 1959. Open-Channel Hydraulics. u.o.:McGraw-Hill. 
Chu, X. & Steinman, A., 2009. Event and Continuous Hydrologic 
Modeling with HEC-HMS. JOURNAL OF IRRIGATION AND 
DRAINAGE ENGINEERING, Issue January/February, pp. 119-124. 
Ebrahimian, M. o.a., 2012. Runoff Estimation in Steep Slope Watersheds 
with Standard and Slope-Adjusted Curve Number Methods. Polish Journal 
of Environmental Studies, pp. 1191-1202. 
Feldman, A. D., 2000. Hydrologic Modeling System HEC-HMS: Technical 
Reference Manual. Davis: U.S. Army Corps of Engineers. 
Feldmar, A. D., 2000a. Technical Reference Manual. i: A. D. Feldmar, 
red. Hydrologic Modeling System Hec-HMS. Davis: US Army Corps of 
Engineers, p. 41. 
Fleming, M. J. & Doan, J. H., 2013. HEC-GeoHMS. 10.1 red. Davis: US 
Army Corps of Engineers. 
Franke, R., 1982. Scattered Data Interpolation: Tests of Some Methods. 
Mathematics of Computation, 38(157), pp. 181-200. 
García, A. o.a., 2008. Surface water resources assessment in scarcely. 
Journal of Hydrology, Issue 356, pp. 312-326. 
Howard, G. & Bartram, J., 2003. Domestic Water Quality, Service Level and 
Health, Geneva, Switzerland: WHO Document Production Services. 
Kresic, N., 2006. Hydrogeology and Groundwater Modelling, 2nd Edition. 
u.o.:CRC Press. 
Marei, A. o.a., 2010. Estimating groundwater recharge using the chloride 
mass-balance method in the West Bank, Palestine. Hydrological Sciences 
Journal, 5 July, pp. 780-791. 
Nazer, D. W., 2009. From Water Scarcity to Sustainable Water Use in the West 
Bank, Palestine , The Netherlands: CRC Press/Balkema. 
NRCS, N. R. C. S., 1986. Technical Release 55, u.o.: u.n. 
Palestinian National Authority, 2012. Palestinian Water Sector: Status 
Summary Report September 2012, New York: Palestinian Water Authority. 
PCBS, P. C. B. o. S., 2008. Census Final Results in The West Bank: Summary 
(Population and Housing), Ramallah: PCBS. 
Ries, F., 2014. Hourly precipitation data for 2011-2013 for the measuring stations 
Kafr Malik, Taybeh, Ein Samia, Al Auja and Ariha. Göttingen: University 
of Göttingen. 
Singer, A., 2007. The Soils of Israel. Berlin: Springer. 
SUSMAQ, 2002. Compiled Base Data for the Numerical Groundwater Flow 
Model of the Western Aquifer Basin, u.o.: SUSMAQ TEAM. 
Thien, S., 1979. A flow diagram for teaching texture-by-feel analysis. 
Journal of Agronomic Education, pp. 8:54-55. 
 

OTHER REFERENCES 
Brouwer C., P. K. K. M. H. M., 1990. Annex 2 Infiltration rate and 
infiltration test. [Online]  
Available at: http://www.fao.org/docrep/s8684e/s8684e0a.htm#annex 
2 infiltration rate and infiltration test 
[Accessed 22 April 2014]. 



Otto Rimfors  LWR-EX-2015:09 
Vadim Velichkin 

42 
 

Brouwer C., P. K. K. M. H. M., n.d. Annex 2 Infiltration rate and infiltration 
test. [Online]  
Available at: http://www.fao.org/docrep/s8684e/s8684e0a.htm#annex 
2 infiltration rate and infiltration test 
[Accessed 22 April 2014]. 
Palestinian Water Authority, 2013a. Palestinian Central Bureau of Statistics. 
[Online]  
Available at: 
http://www.pcbs.gov.ps/Portals/_Rainbow/Documents/water/water-
2012-E-tab%202.htm 
[Accessed 12 February 2014]. 
Palestinian Water Authority, 2013b. Palestinian Central Bureau of Statistics. 
[Online]  
Available at: 
http://www.pcbs.gov.ps/Portals/_Rainbow/Documents/water/water-
2012-E-tab%207.htm 
[Accessed 12 February 2014]. 
PCBS, P. C. B. o. S., 2010. Rainfall Quantity in the West Bank by Month and 
Station Location, 2010 (mm). [Online]  
Available at: 
http://www.pcbs.gov.ps/Portals/_Rainbow/Documents/MET-AN-
2010-E4.htm 
[Accessed 26 November 2014]. 
PCBS, P. C. B. o. S., 2013a. Annual Rainfall Quantity in Palestine by Year and 
Station Location, 2003-2013 (mm). [Online]  
Available at: 
http://www.pcbs.gov.ps/Portals/_Rainbow/Documents/Metorolgical-
2013-Tab04E.htm 
[Accessed 26 November 2014]. 
PCBS, P. C. B. o. S., 2013b. Evaporation Quantity in Palestine by Year and 
Station Location, 2003-2013 (mm). [Online]  
Available at: 
http://www.pcbs.gov.ps/Portals/_Rainbow/Documents/Metorolgical-
2013-Tab07E.htm 
[Accessed 26 November 2014]. 
PCBS, P. C. B. o. S., u.d. Estimated Population in the Palestinian Territory 
Mid-Year by Governorate,1997-2016. [Online]  
Available at: 
http://www.pcbs.gov.ps/Portals/_Rainbow/Documents/gover_e.htm 
[Accessed 6 May 2015]. 
PWA, 2014. Al Auja dam visit [Interview] (March 2014). 
S. W. S., 2010. Product Manual. [Online]  
Available at: 
http://www.swstechnology.com/pdfs/equipment/Diver_manuals/Dive
r_Product_Manual_en.pdf 
[Accessed 19 May 2014]. 
 
 
 
 
 
 



Hydrological modelling of al Auja earth dam in the Lower Jordan Valley 

43 
 

APPENDIX I,  REMOTE SENSING DATA; PRECIPITATION 
DATA AND WATER LEVELS IN AL AUJA DAM 2011 – 2013. 

Boundaries of the catchment area of Al Auja rock fill dam with DEM as 
background. 

Representation of the different geological formations in the dam catchment area.  
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Representation of major land uses in the dam catchment area. 
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A hyetograph and changing water levels in the dam during winter period 2011 – 
2012. The 2 responses pointed out with red arrows are the only responses due to 
rainfall.   
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A hyetograph and response in form of water levels variation in the dam for winter 
period 2012 – 2013. The only level changes caused by rainfall are pointed out with 
red arrows. 



Hydrological modelling of al Auja earth dam in the Lower Jordan Valley 

47 
 

APPENDIX II  

 

Evapotranspiration represented as a function of tension storage compartment (Feldmar, 2000a). 

SCS unit hydrograph (Feldmar, 2000a). 
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APPENDIX III, SUB-BASINS + TABLE WITH ADJUSTABLE 
PARAMETERS 

 

Division of the current Al Auja dam catchment into several sub-basins. 

Division of the expanded Al Auja dam catchment into several sub-basins. 
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APPENDIX IV, INTERPOLATION OF MISSING DATA, 
RAINFALL AND EVAPOTRANSPIRATION 

 
 

Replacing missing data. 

Auja village Jericho Taybeh Kafr Malik Ein Samia
(dd.mm.yyyy hh:mm) (mm) (mm) (mm) (mm) (mm)
01/02/2012 02:00 0.0 0.0 0.0
01/02/2012 03:00 0.0 0.0 0.0
01/02/2012 04:00 0.0 7.0 7.8
01/02/2012 05:00 0.8 3.6 2.6
01/02/2012 06:00 0.2 3.2 2.0
01/02/2012 07:00 4.0 5.0 3.6
01/02/2012 08:00 1.2 0.6 1.2
01/02/2012 09:00 0.0 1.4 0.8
01/02/2012 10:00 0.6 2.4 2.4
01/02/2012 11:00 0.8 3.0 2.4
01/02/2012 12:00 0.0 0.8 1.8
01/02/2012 13:00 0.6 0.6 0.2
01/02/2012 14:00 0.2 0.0 0.0

Auja village Jericho Taybeh Kafr Malik Ein Samia
(dd.mm.yyyy hh:mm) (mm) (mm) (mm) (mm) (mm)
01/02/2012 02:00 0.0 0.0 0.0 0.0 0.0
01/02/2012 03:00 0.0 0.0 0.0 0.0 0.0
01/02/2012 04:00 0.0 0.0 7.0 9.1 7.8
01/02/2012 05:00 1.0 0.8 3.6 3.8 2.6
01/02/2012 06:00 0.2 0.2 3.2 3.1 2.0
01/02/2012 07:00 4.9 4.0 5.0 5.2 3.6
01/02/2012 08:00 1.5 1.2 0.6 1.1 1.2
01/02/2012 09:00 0.0 0.0 1.4 1.3 0.8
01/02/2012 10:00 0.7 0.6 2.4 2.9 2.4
01/02/2012 11:00 1.0 0.8 3.0 3.3 2.4
01/02/2012 12:00 0.0 0.0 0.8 1.6 1.8
01/02/2012 13:00 0.7 0.6 0.6 0.5 0.2
01/02/2012 14:00 0.2 0.2 0.0 0.0 0.0

Before 

After
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Date and time
[dd/mm/year hr:mm]

Al Auja Kafr Malik C01 C09 C14 E01 E09 E14

02/03/2012 00:00 0 1 1.0 0.7 0.0 1.0 0.9 0.7
02/03/2012 01:00 0 1.4 0.8 0.7 0.0 0.8 0.8 0.7
02/03/2012 02:00 0 0.2 0.2 0.1 0.0 0.2 0.2 0.1
02/03/2012 03:00 0 0.6 0.4 0.4 0.0 0.4 0.5 0.4
02/03/2012 04:00 0.2 1 2.7 1.6 0.2 2.7 2.1 1.7
02/03/2012 05:00 0 2.4 2.3 1.5 0.0 2.3 2.0 1.6
02/03/2012 06:00 0 1.8 1.2 0.9 0.0 1.2 1.2 1.0
02/03/2012 07:00 0 1.2 1.0 0.8 0.0 1.0 1.0 0.8
02/03/2012 08:00 0.6 0.6 1.6 0.8 0.6 1.6 1.1 0.9

Rain stations and sub-basins

Example of measured (Ariha and Ramallah) and calculated (sub-basins) rainfall using IDW 
interpolation method. 

Month Ariha Ramallah C01 C09 C14 E01 E09 E14
January 81 83 83 82 82 83 83 82

February 93 75 75 82 91 75 79 82
March 151 122 121 133 146 121 128 132
April 196 138 137 160 187 137 150 158
May 269 211 211 234 261 211 223 232
June 310 227 226 259 297 226 244 256
July 329 244 243 276 316 243 261 273

August 302 216 215 249 289 215 234 246
September 235 166 165 192 225 165 180 190

October 186 141 140 158 180 140 150 157
November 117 118 118 117 117 118 118 117
December 95 98 98 97 96 98 98 97

Weather stations and sub-basins

Example of measured (Ariha and Ramallah) and calculated (sub-basins) evapotranspiration 
using linear interpolation. 
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APPENDIX V, PARAMETER SETUP OF THE BASINS, 
REACHES AND VARIOUS METHODS USED DURING 
SIMULATIONS IN HEC-HMS 

 
 

Porosity [%] 40
Field capacity [%] 35
Soil thickness [m] 0.3

Infiltration/percolation
rate [mm/h]

7.5

Initial abstraction [mm] 25

Adjustable parameters

Final values of the parameters that have been seen as adjustable. 
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Basin parameters and their values for current and expanded Al Auja catchment used during simulations in HEC-
HMS. 

Basin name Area [km2] Lag time [min] CN values Basin name Area [km2] Lag time [min] CN values
C01 5.0 33 90.9 E01 5.0 25 90.9
C02 3.4 33 92.3 E02 8.7 26 91.3
C03 1.2 24 85.9 E03 3.4 25 92.3
C04 1.1 18 92.0 E04 2.3 16 88.8
C05 4.2 49 89.4 E05 3.1 24 90.0
C06 7.2 38 90.8 E06 5.9 30 92.2
C07 1.2 20 91.4 E07 5.5 36 89.9
C08 1.9 23 93.0 E08 7.2 28 90.8
C09 2.3 19 93.0 E09 8.7 31 92.2
C10 4.5 26 92.9 E10 6.9 22 92.6
C11 1.7 20 93.0 E11 5.3 23 92.7
C12 3.4 19 93.0 E12 2.6 15 93.2
C13 0.8 17 93.0 E13 2.7 20 92.5
C14 4.2 73 93.0 E14 5.3 20 93.0
C15 2.3 26 93.0 E15 1.9 17 93.0

E16 2.3 13 93.0
E17 2.1 10 93.0
E18 7.0 25 92.9
E19 4.8 20 93.0
E20 3.3 14 93.0
E21 7.6 29 93.0
E22 4.2 55 92.9
E23 4.4 49 92.5
E24 2.4 22 93.0

Basin parameters, current catchment Basin parameters, expanded catchment
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Reach name Length [m] Width [m] Slope [m/m]
Manning's

number
Shape

Percolation
[m3/s/1000m2]

RC01 708 3 0.03 0.04 Rectangular 0.002
RC02 4612 3 0.04 0.04 Rectangular 0.002
RC03 3341 4 0.11 0.04 Rectangular 0.002
RC04 3225 3 0.13 0.04 Rectangular 0.002
RC05 2496 10 0.05 0.04 Rectangular 0.002
RC06 1500 4 0.05 0.04 Rectangular 0.002
RC07 4747 30 0.02 0.04 Rectangular 0.002
RC08 1640 15 0.02 0.04 Rectangular 0.002

Reach name Length [m] Width [m] Slope [m/m]
Manning's

number
Shape

Percolation
[m3/s/1000m2]

RE01 934.62 3 0.07 0.04 Rectangular 0.002
RE02 1351 3 0.09 0.04 Rectangular 0.002
RE03 622.49 3 0.05 0.04 Rectangular 0.002
RE04 1234.6 3 0.02 0.04 Rectangular 0.002
RE05 1604.6 3 0.03 0.04 Rectangular 0.002
RE06 2764.9 4 0.04 0.04 Rectangular 0.002
RE07 1446.8 4 0.07 0.04 Rectangular 0.002
RE08 3484.2 6 0.05 0.04 Rectangular 0.002
RE09 251.78 10 0.00 0.04 Rectangular 0.002
RE10 2906.4 15 0.03 0.04 Rectangular 0.002
RE11 1038.9 15 0.03 0.04 Rectangular 0.002
RE12 2164.9 15 0.02 0.04 Rectangular 0.002
RE13 587.13 15 0.02 0.04 Rectangular 0.002
RE14 707.84 3 0.03 0.04 Rectangular 0.002
RE15 4612 3 0.04 0.04 Rectangular 0.002
RE16 3341 3 0.11 0.04 Rectangular 0.002
RE17 3224.6 4 0.13 0.04 Rectangular 0.002
RE18 2496 5 0.05 0.04 Rectangular 0.002
RE19 4747.1 7 0.02 0.04 Rectangular 0.002
RE20 2089.9 15 0.02 0.04 Rectangular 0.002
RE21 88.388 15 0.01 0.04 Rectangular 0.002

River parameters, expanded catchment

River parameters, current catchment

River parameters and their values for current and expanded Al Auja catchment used 
during simulation in HEC-HMS. 
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Basin name
Initial 

storage
[mm]

Maximum
storage
[mm]

Crop 
coefficient

Initial
storage 
[mm]

Maximum
storage 
[mm]

Basin name
Initial 

storage
[mm]

Maximum
storage 
[mm]

Crop 
coefficient

Initial
storage 
[mm]

Maximum
storage 
[mm]

C01 0 0.55 1 0 21 E01 0 0.55 1 0 21
C02 0 0.41 1 0 17 E02 0 0.55 1 0 21
C03 0 1.77 1 0 45 E03 0 0.41 1 0 17
C04 0 0.28 1 0 19 E04 0 1.08 1 0 33
C05 0 0.9 1 0 28 E05 0 0.82 1 0 31
C06 0 0.58 1 0 12 E06 0 0.26 1 0 19
C07 0 0.4 1 0 17 E07 0 0.79 1 0 26
C08 0 0.01 1 0 10 E08 0 0.58 1 0 23
C09 0 0 1 0 10 E09 0 0.24 1 0 17
C10 0 0.05 1 0 23 E10 0 0.14 1 0 13
C11 0 0 1 0 10 E11 0 0.11 1 0 15
C12 0 0 1 0 10 E12 0 0.04 1 0 10
C13 0 0 1 0 10 E13 0 0.18 1 0 17
C14 0 0.04 1 0 12 E14 0 0.01 1 0 10
C15 0 0 1 0 10 E15 0 0.01 1 0 10

E16 0 0 1 0 10
E17 0 0.03 1 0 10
E18 0 0.03 1 0 10
E19 0 0 1 0 10
E20 0 0 1 0 10
E21 0 0 1 0 10
E22 0 0.04 1 0 12
E23 0 0.15 1 0 16
E24 0 0 1 0 10

Current catchment Expanded catchment
Simple canopy Simple surface Simple canopy Simple surface

Parameter setup for Simple canopy and Simple surface methods that have been used together for simulation of 
runoff in HEC-HMS together with SMA loss method. 
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