Journal of Water Resource and Protection, 2014, 6, 403-420 .0:0 Scientific
Published Online April 2014 in SciRes. http://www.scirp.org/journal/jwarp %%
http://dx.doi.org/10.4236/jwarp.2014.65041

#52% Research

Future Prospects for Macro Rainwater
Harvesting (RWH) Technique in North
East Iraq

Nadhir Al-Ansaril*, Mawada Abdellatif?, Saleh Zakarial3, Yaseen T. Mustafa4,
Sven Knutsson!?

YLulea University, Lulea, Sweden

2Liverpool JM University, Liverpool, UK

3Department of Dams & Water Resources Eng., University of Mosul, Mosul, Iraq

4University of Zakho, Duhok, Iraq

Email: saleh.zakaria@Itu.se, Y.T.Mustafa@uoz-krg.org, Sven.Knutsson@I|tu.se, *nadhir.alansari@ltu.se

Received 18 February 2014; revised 15 March 2014; accepted 12 April 2014

Copyright © 2014 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract

Countries in Middle East and North Africa (MENA region) are considered as arid and semi-arid
areas that are suffering from water scarcity. They are expected to have more water shortages
problem due to climatic change. Iraq is located in the Middle East covering an area of 433,970
square Kilometers populated by 31 million inhabitants. One of the solutions suggested to over-
come water scarcity is Rainwater Harvesting (RWH). In this study Macro rainwater harvesting
technique had been tested for future rainfall data that were predicted by two emission scenarios
of climatic change (A2 and B2) for the period 2020-2099 at Sulaimaniyah Governorate north east
of Iraq. Future volumes of total runoff that might be harvested for different conditions of maxi-
mum, average, and minimum future rainfall seasons under both scenarios (A2 and B2) were cal-
culated. The results indicate that the volumes of average harvested runoff will be reduced when
average rainfall seasons are considered due to the effect of climatic change on future rainfall. The
reduction reached 53.73% and 43.0% when scenarios A2 and B2 are considered respectively.
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1. Introduction

Water resources are very scarce in the Middle East and North Africa (MENA region) [1]-[4] where the annual
rainfall does not exceed 166 mm [2] for this reason; it contains hyper-arid, arid and semi-arid zones [5]. Twelve
of the countries in the MENA region have less than 500 m’ of renewable water resources per capita available
[6]-[8]. Fresh potable water is essential for life, socioeconomic development, and political stability in the region
[9]. It was reported that one cubic meter of water can provide drinking water for 1 person for 1 year or the same
quantity can produce only 1 kg of food grain when used for irrigation in a dry climate [10]. The need for a ra-
tionalized holistic management of this most vital natural resource is paramount in order to attain a sustainable
society [9]. Agriculture accounts for about 66% of demand, [11] and therefore the water shortage problem can-
not be objectively analyzed nor adequately addressed without a thorough consideration of agriculture in the re-
gion [12]. For example, it was stated that an approximate 10% transfer of water away from agriculture would
produce a 40 % increase in domestic water supply for Jordan. Postel [13] argues that water could be saved by
importing the food/grain rather than diverting precious water to agriculture. However, many Middle Eastern
countries have unrealistic aspirations of food self-sufficiency and it would require a most fundamental change in
national outlook [14]. The extent of the problem is so severe that “the future challenges in meeting the growing
demands for water are beyond the capabilities of individual countries” [12]. Mitigating supply shortfalls could
be achieved by re-allocation of current agricultural supplies [3]. Several researchers had concluded that arid and
semi-arid regions, like the MENA region, are highly vulnerable to climate change, e.g. [15]. It is expected that
the region will suffer from higher temperatures and intense heat waves affecting inhabitants and crop yields, and
will also affect marine ecosystems and fisheries. Accordingly, less but more intense rainfall, coupled with higher
temperatures, will likely cause more droughts and greater flooding, sea level rise, more intense cyclones and
new areas exposed to dengue, malaria, and other vector and waterborne diseases. Future rainfall forecast indi-
cates that it will be decreasing with time in Iraq and Jordan as an example [9] [16]-[18]. The drought will affect
the agricultural life and water supply [19]. This is due to the fact that most of the agricultural areas of the
MENA region are rain-fed [20] and decrease groundwater recharge which is already depleting [21].

IPCC [22] in Special Report on Emissions Scenarios (SRES) gave details about climate models including the
most important future scenarios of greenhouse emissions and aerosols as input to make a suite of projected fu-
ture climate changes that illustrates the possibilities that could lie ahead. These scenarios involving different
narrative storylines had been described as: Al, A2, Bl and B2. The Al contain three groups A1FI, A1T, and
A1B. These scenarios consider several criteria and factors, such as the technological emphasis of fossil intensive,
non-fossil energy sources and a balance across all sources respectively. A2 and B2 are some example about the
storyline and scenario family that describes in [22]. For A2 storyline and scenario family, a very heterogeneous
world was considered. In this, the underlying theme was self-reliance and preservation of local identities, fertil-
ity patterns across regions converge very considered to be slowly, which results in continuously increasing
global population and economic development was also considered regionally oriented where per capita eco-
nomic growth and technological change was more fragmented and slower than it is in other storylines. While for
B2 storyline and scenario family, a world in which the emphasis was on local solutions to economic, social, and
environmental sustainability was considered. It is a world with continuously increasing global population at a
rate lower than A2; intermediate levels of economic development are less rapid and more diverse technological
change than in the B1 and Al storylines, while the scenario is also oriented toward environmental protection and
social equity, it focuses on local and regional levels.

Iraq is one of the countries in the MENA region. It covers an area of 433,970 square kilometers populated by
31 million inhabitants. Recently, it is suffering from water shortage problems [23] [24]. Rainwater harvesting
(RWH) was suggested as one of the solutions for the water shortage problems in Iraq [25]-[27]. Due to climate
change, the precipitation patterns will be modified leading to extreme events which will affect the availability of
water resources particularly in tropical and Mediterranean areas [28] [29] and this will significantly affect sec-
tors like agriculture, industry and urban development [30].

Many researchers studied climate impacts explained that understanding the potential effects of climate change
is fundamental for informing both adaptation strategies and actions to avoid risky levels of climate change. Re-
cently, there is a great attention given by the international community about the variability and trends of preci-
pitation and their effects on the environment during the last century [31] [32].

A number of researchers studied the trends and variability of precipitation such as [16]-[18] [33]-[40]. These
studies had two goals, the first was to analyze the trends of long term time series of precipitation and the second
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was to analyze precipitation projections for the future climate.

Philandras et al. [41] analyzed (long term) trends and variability of annual precipitation and annual rain days
over part of Mediterranean region; the regional simulation model (RACMO2.1/KNMI) was used with emission
scenario A1B. The results showed that statistically significant negative trends of the annual precipitation totals
exist in the majority of Mediterranean regions during the period 1901-2009. For the annual number of rain days,
a clear reduction of 20%, statistically significant, founds in meteorological stations of east Mediterranean, while
the trends were insignificant for west and central Mediterranean. The precipitation is very likely to be reduced
almost 20% in the period 2071-2100 compared to 1961-1990, under SRES A1B.

Eugene [42] stated that “Climate data of the last century are not the only source for the best information
available for future planning in the field of agriculture, water resources, ecosystems and human health. For cli-
mate science the observations are the main foundation, therefore models must now be used to synthesize obser-
vations and project future climate scenarios for decision-making on long term issues”.

Al-Ansari et al. [39] [40] studied long term effect of climate change on rainfall in northwest and north-eastern
Iraq respectively. The last study was at Sulaimaniyah Governorate, Kurdistan region of Iraq, the results indi-
cated that the average annual rainfall showed a significant downward trend for both A2 and B2 scenarios for the
period 1961-2099. Average monthly rainfall simulated by HadCM3 GCM for A2 and B2 scenarios of green-
house emission for the three future periods compared with the baseline period showed some reduction in the
monthly rainfall for the 2020s, 2050s and 2080s; however, 2080s experience largest drop especially during April
and July months of A2 (51% and 77%) and during May and July of B2 (49% and 79%). Generally the projected
rainfall in future varies significantly/slightly amongst the three future periods and the emission scenario consi-
dered as A2 experience more reduction relative to that predicted by scenario B2.

For the rain-fed areas at Iraq, rainfall is not sufficient to support economic crop yield during rainy seasons
without irrigation. The average annual rainfall in Iraq is ranging from 154 to 216 mm/year [43] [44]. Practically,
the technique of macro rainwater harvesting (RWH) might be one of the good solutions for the water shortage
problem in Iraq. RWH technique is defined as “the collection of runoff for its productive use” [45]. Boers and
Ben-Asher [46] gave a more specific definition of RWH with specific details, where they defined RWH as “a
method for inducing, collecting, storing, and conserving local surface runoff for agriculture in arid and semi-arid
regions”. They explained that the RWH includes several processes dealing with collecting rainwater then to di-
rect it to the target storage location (a surface reservoir or a soil profile). Furthermore, they specified the aim of
this process for agriculture purposes. The annual rainfall (100 - 700) mm of low cost water harvesting might
give an important new water source [47]. The main objective of RWH is to increase the availability of water but
not its amount. The factors such as amount of rainfall and its distribution, land topography, soil type and soil
depth, and local socio-economic may represent the main factors that affect water harvesting [47] [48]. The
productivity of the rainwater can be significantly improved by applying a specific technique such as Macro
RWH, based on availability of a surface reservoir. By this technique, the excess rainwater (runoff) is stored in
small reservoirs of small dams with different sizes to be supplied later when required [25]-[27] [49]. RWH sys-
tems had proven to be an effective technique in different regions to achieve new water source that can be used
for several purposes [47]. The present work is to test the future validity of Macro rainwater harvesting (RWH)
technique at Sulaimaniyah Governorate using daily rainfall data that generated for the period (2020-2099) by
Al-Ansari et al. [40]. The data were based on global climatic projections and their scenarios, using the HadCM3
Global Climate Model (GCM), Scenarios A2 and B2.

2. Methodology

Watershed modelling system (WMS) was used to estimate the harvested runoff at the selected five basins at Su-
laimaniyah Governorate based on Digital Elevation Model (DEM) of the study area. The runoff volumes were
estimated based on soil conservation service curve number (SCS-CN) method. Therefore curve numbers (CN)
values were estimated for each basin and modified for dry and wet conditions based on the information obtained
from land use map, soil type and the selected basins. Then curve numbers (CN) values were modified for slope.

For the Soil Conservation Service, 1972 (SCS-CN) method, the tabulated curve number is equal to CNy;, for
normal (average) conditions, and modified for dry and wet conditions, as explained by Chow et al. [50] through
the following equations:

_ 42xCN,
10-0.058xCN,,

M
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23xCN
m = —— 2)
10+0.13xCNy,
In which:
CN| = Curve number for dry condition
CNyy; = Curve number for wet condition.
Williams [51] developed an equation to adjust the curve number to a different slope [52] [53]:
CN,, —CN
[CN, g, =MX[I—ZXexp(—13.86><SLP)]+CNH 3)

where:
[CNy]sLp = the curve number for average condition adjusted for the slope.
SLP = the average fraction slope of the basin.
The details of the procedure and the calibration of the model are well described by [25]-[27] [54].

3. Study Area

Five basins were previously investigated [54] for Macro RWH at Sulaimaniyah Governorate (Figure 1) for rec-
orded rainfall data for the period 2002-2012. Table 1 shows the properties of the selected basins. For the current
work, the same locations were used with future rainfall in order to study future macro RWH technique and to
make suitable comparison between historical and future runoff events. The details of study area can be summa-
rized as follows: Sulaimaniyah Governorate is located north east of Iraq (35°33'40" N and 45°26'14" E) (Figure 1).
The study area consists of five separated basins with total area of 176.79 km?, located about 7 km North West of
Sulaimaniyah city. According to Buringh [55], the soil of the study area is of three main types (37, 38, and 39) as
shown in Figure 2. Simak [56] indicated that the last two soil types can be identified as C, and D of the Hydro-
logic Soil Group according to the United States Department of Agriculture Natural Resources Conservation Ser-
vice (Conservation Engineering Division 1986).

Buringh [55] classified the soil type 37 as great Soil group of Chestnut soils and the soil type is silty clay, hav-
ing a dark brown color, friable surface soil, usually with 1% - 4% of organic matter and less than 9% lime.

The geographic location of Sulaimaniyah Governorate imposed a dry and warm summer for the period June to
August, with temperature of 31.5°C as average temperatures. The city is usually windy during winter. This season
extends from December till February. The temperature during winter is about 7.6°C. The average relative humid-
ity for summer and winter are 25.5% and 65.6% respectively, while the evaporation reached 329.5 mm during
summer and 53 mm during winter. Average wind speed during winter is about 1.2 m/sec and increases a little bit
more during summer where it reaches 1.8 m/sec. Sunshine duration reaches 5.1 and 10.6 hr. during winter and
summer respectively.

Halabja
khan

Chamchamal 1 —

0 50 100 200

Figure 1. Map of Iraq and the ten districts of Sulaimaniyah Governorate, source: [54].
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Figure 2. Soil map of Sulaimaniyah Governorate with boundaries of study area, source: [54].

Table 1. Properties of the selected basins at Sulaimaniyah Governorate, source: [54].

UTM Coordinate
Basin  Basin Slop (m/m) Basin Area (Km® Time of concentration (hr) Length (km)  Elevation (m) . N
1 0.2837 98.08 2.14 18.137 1179 534704 3944815
2 0.251 13.87 1.02 7.988 1211 528567 3942854
3 0.1848 7.35 0.61 4.858 1098 530133 3942576
4 0.2202 25.83 1.3 12.131 1182 525903 3940711
5 0.0688 31.66 1.54 8.587 855 522711 3939177

The rainfall season may starts in October at Sulaimaniyah with light rainfall storms and it intensifies during
November and continues till May. Rainfall records for the period 2002-2012, showed that, the driest season was
recorded in 2008-2009 of 328 mm and the maximum rainfall depth was in 2003-2004 of 848 mm. The season
2010-2011 represent the average rainy season (548.8 mm) for the period 2002-2012.

The Land use/land cover (LULC) map of Sulaimaniyah Governorate (Figure 3) was derived from satellite im-
agery. The weighted average CN values for five selected basins were estimated depending on area of specific land
use land cover as a percent of total basin area and calibrated based on antecedent moisture conditions (AMC) for
dry, normal (average), and wet conditions depending on the total antecedent rainfall depth of five days as formu-
lated by SCS-CN method. Then CN values were adjusted for slope using Williams’ formula [51] for each basin
(Table 2).

4. Rainfall Data and Estimation Runoff

The rainfall data that were used in this work had been derived by Al-Ansari et al. [40]. They used HadCM3
Global Climate Model (GCM) with grid resolution of 2.50 % 3.750 in order to provide future climate scenarios
for the periods 2020-2099. Both A2 and B2 emission scenarios were employed. Daily rainfall data for projec-
tions are related to emission uncertainty. In this work, future rainfall based on A2 and B2 scenarios were used in
order to investigate macro RWH technique and then to estimate future expected harvested runoff for individual
daily future rainstorms. The estimation runoff was based on Soil Conservation Service-curve number (SCS-CN)
method using Watershed Modelling System (WMS) with Data Elevation Model (DEM) of Sulaimaniyah Go-
vernorate. Future rainfall of scenarios A2 and B2 are graphically presented in Figure 4. The future season of
maximum, minimum and average annual rainfall for both scenarios A2 and B2 were identified (Table 3) and
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Figure 3. Land use/land cover map of Sulaimaniyah Governorate (on left), with enlarge view of study area, source: [54].

Table 2. Curve number (CN) values before and after adjustment for slope, source: [54].

Values of CN Adjustment CN values for slope
Basin CN-Normal CN-dry CN-wet CN-Normal CN-dry CN-wet
1 76.3 75.5 88.1 80.1 62.8 90.2
2 80.1 62.8 90.3 83.3 67.7 92.0
3 79.1 61.4 89.7 82.1 65.8 91.3
4 80.4 63.3 90.4 83.4 67.9 92.0
5 76 57.1 87.9 76.9 58.3 88.5

then each daily rainstorm of theses seasons that might produce runoff were identified with the hydraulic condi-
tions of the catchment area (Tables 4-9).

5. Results and Discussion

IPCC [22] Indicated that “Four qualitative storylines yield four sets of scenarios called families including Al
(A1FL, A1B, and AIT), A2, BI, and B2. Altogether 40 SRES scenarios had been developed by six modelling
teams. All are equally valid with no assigned probabilities of occurrence”. The impact of climatic change is asso-
ciated with large uncertainties. Predicted rainfall data can give some idea about future prospects of the status of
rainfall. This can help in estimating hydraulic events such as runoff [23]. Predicted rainfall under both scenarios
A2 and B2 [40], showed linear trend indicating that there is a significant decrease in total seasonal rainfall depth

408
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Figure 4. Average annual rainfall for A2 scenario (upper) and B2 scenario (lower), source: [40].

Table 3. Selected seasons of future average annual rainfall depth for scenarios A2 and B2 for the period 2019-2099 [40].

Scenario A2
No. Rainfall depth (mm) Season Notes
1 1018.3 2020-2021 Maximum rainfall season
2 583.8 2057-2058 Average rainfall season
3 302.2 2090-2091 Minimum rainfall season
Scenario B2
1 936.0 2046-2047 Maximum rainfall season
2 592.7 2027-2028 Average rainfall season
3 407.1 2081-2082 Minimum rainfall season
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Table 4. Maximum rain season 2020-2021 for scenario A2 [40].

Day Month Year Rainfall depth Condition
5 11 2020 14.8 Dry
16 11 2020 17.8 Dry
5 12 2020 19.1 Normal
11 12 2020 18.2 Normal
13 12 2020 12.7 Wet
15 12 2020 21.3 Wet
16 12 2020 15.7 Wet
17 12 2020 26.2 Wet
27 12 2020 30.0 Normal
28 12 2020 21.0 Wet
21 1 2021 14.2 Dry
23 1 2021 20.7 Normal
26 1 2021 30.7 Wet
5 2 2021 12.9 Normal
9 2 2021 21. Normal
11 2 2021 16.2 Wet
13 2 2021 30.9 Wet
2 3 2021 29.8 Normal
22 3 2021 24.6 Normal
25 3 2021 334 Wet
26 3 2021 33.1 Wet
6 4 2021 36.6 Normal
5 5 2021 19.7 Normal
7 5 2021 38.6 Wet
Table 5. Average rain season 2057-2058 for scenario A2 [40].
Day Month Year Rainfall depth Condition
18 11 2057 27.2 Dry
7 12 2057 24.2 Normal
17 12 2057 16.0 Dry
19 2 2058 13.4 Normal
20 2 2058 25.6 Wet
26 2 2058 28.1 Normal
30 2 2058 20.2 Wet
8 3 2058 16.7 Dry
9 3 2058 30.4 Normal
20 3 2058 17.4 Dry
15 5 2058 18.5 Dry
19 5 2058 32.0 Normal
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Table 6. Minimum rain season 2090-2091 for scenario A2 [40].

Day Month Year Rainfall depth Condition
26 12 2090 19.5 Dry
15 1 2091 27.0 Normal
2 2 2091 12.6 Dry
21 2 2091 13.6 Dry
19 4 2091 14.7 Dry
Table 7. Maximum rain season2046-2047 for scenario B2 [40)].
Day Month Year Rainfall depth Condition
1 11 2046 37.2 Dry
3 11 2046 39.7 Wet
18 11 2046 16.8 Dry
12 12 2046 21.8 Wet
22 12 2046 19.0 Normal
1 1 2047 13.6 Normal
9 1 2047 21.2 Normal
14 1 2047 14.8 Normal
15 1 2047 20.8 Normal
22 1 2047 16.4 Normal
23 1 2047 20.2 Wet
26 1 2047 17.3 Wet
4 2 2047 12.7 Normal
5 2 2047 15.1 Normal
6 2 2047 12.9 Wet
8 2 2047 20.1 Wet
15 2 2047 273 Dry
21 2 2047 13.6 Dry
4 3 2047 222 Dry
8 3 2047 39.1 Normal
13 3 2047 27.7 Wet
17 3 2047 315 Normal
2 4 2047 15.3 Dry
9 4 2047 28.3 Dry
25 4 2047 35.8 Dry
30 4 2047 26.2 Wet
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Table 8. Average rain season 2027-2028 for scenario B2 [40].

Day Month Year Rainfall depth Condition
10 12 2027 38.1 Normal
24 1 2028 17.3 Normal
27 1 2028 15.1 Wet

3 2 2028 26.9 Normal
11 2 2028 19.1 Normal
24 2 2028 13.0 Dry
25 2 2028 16.9 Normal
27 2 2028 22.3 Wet
28 2 2028 17.0 Wet

1 3 2028 27.0 Wet

7 3 2028 19.2 Dry
23 3 2028 19.1 Dry

3 4 2028 14.2 Dry

5 4 2028 18.6 Normal
29 4 2028 20.2 Dry

Table 9. Min. rain season 2081-2082 for scenario B2 [40].

Day Month Year Rainfall depth Condition

6 12 2081 15.6 Dry

23 12 2081 13.0 Normal
11 1 2082 14.0 Dry

13 1 2082 17.5 Normal

24 1 2082 13.0 Dry

2 4 2082 18.5 Dry

27 5 2082 19.1 Dry

29 5 2082 22.0 Normal

with time (Figure 4). Using rainfall data for both scenarios the maximum, minimum and average rainfall seasons
were identified (Table 3). Analyzing the identified data, day by day, helps to pinpoint the individual rainstorms
that may produce runoff (Tables 4 to 9). The individual rain storm depth and span time between rain storms play
important role to produce the hydraulic condition (dry, normal, and wet) of the catchment area. However, each of
the above selected seasons contains some rain storms (but not all) that can produce runoff. For example, under
scenario A2, the maximum rainfall season (2020-2021) includes 24 individual rainstorms that may produce runoff,
their depths ranged between 12.7 to 38 mm. Moreover, the associated hydraulic conditions depending on antece-
dent moisture conditions (AMC) were 3, 10 and 1levents under dry, normal and wet conditions respectively.
Identifying the AMC was based on the total antecedent rainfall depth for 5 consecutive days, which were identi-
fied in the daily rainfall data for scenarios A2 and B2 for the study area according to the documentation by
SCS-CN method and that had explained by [50]. Accordingly, the identified rainstorms for each selected season
for both scenarios might give runoff results as shown in Figure 5 and Figure 6 respectively. Moreover, the total
future harvested runoff for scenarios A2 and B2 for the selected maximum, average, and minimum seasons are

represented in Figure 7.
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Figure 5. Future harvested runoff with scenario A2 for the selected season.
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Figure 7. Total future harvested runoff with scenario A2 and B2 for the selected seasons.

The comparison between scenarios A2 and B2 show that:

For maximum rainfall seasons (Table 4 and Table 7), the total numbers of rainstorms that can produce runoff
were very close when comparing both scenarios (24 and 26 rainstorms might occur in 2020-2021 according to
scenarios A2 and 2046-2047 for B2 respectively). These rainstorms occur with various hydraulic conditions of
the catchment area (dry, normal, and wet). Thus, 3 rainstorms, with depths ranging between 14.2 - 17.8 mm,
might occur with dry hydraulic conditions under scenarios A2. They didn’t produce any runoff, which reflect the
important role of low value of the curve number (CN) under dry conditions that reduces the rainstorm ability to
produce runoff. While for scenario B2, 8 rainstorms were recognized. Their depths were ranging between 13.6 to
37.2 mm, occurred under dry hydraulic conditions. Some of these rainstorms of high depth of rainfall (more than
35 mm) had produced runoff while the others did not. All the remaining rainstorms with normal and wet condi-
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tions, for both scenario A2 and B2 produced runoff.

The maximum rainstorm depth was 38.6 mm for the wet condition of scenario A2, which produced runoff of
3.24 million cubic meters. The water was distributed in reservoirs 1 to 5 as follows: 1.77, 0.29, 0.14, 0.54, and
0.50 million cubic meters respectively. For scenario B2 however, the maximum rainstorm depth was 39.7 mm for
the wet condition which produced runoff of 3.38 million cubic meters that was distributed in reservoirs 1 to 5 as
follows: 1.85, 0.3, 0.15, 0.56, and 0.52 million cubic meters respectively. These results reflect the effective role of
CN value with wet conditions to produce a good quantity of harvested runoff.

Furthermore, the total runoff that might be harvested for the whole maximum season (2020-2021 under scena-
rio A2) in all basins reached up to 21.19 million cubic meters (Figure 7) which was distributed in reservoirs 1 to
5 as follows 11.41, 2.05, 0.99, 3.82, and 2.92 million cubic meters respectively. For scenario B2, the water har-
vested during the maximum season (2046-2047) reached up to 13.62 million cubic meters (Figure 7) which was
distributed in reservoirs 1 to 5 as follows: 7.26, 1.36, 0.64, 2.54 and 1.82 million cubic meters respectively. The
results showed that the water harvested using scenario A2 was more than that of scenario B2 for the season with
maximum rainfall expected.

The differences in the volume of harvested water between the two scenarios are due to the differences in rains-
torms. The total numbers of rainstorms with wet conditions under scenario A2 was 11 which are more than what
occurred under scenario B2 which was 8. It should be noted that, the remaining rainstorms of the season with
normal and dry conditions didn’t satisfy equilibrium case. Indeed the numbers of rainstorms with wet conditions
are not important as much as the total rainfall depths. The summation of these 11 rainstorms depth (under scena-
rio A2) is 280.3 mm and the summation of these 8 rainstorms depth (under scenario B2) is 186.2 mm (Table 4
and Table 7).

The comparison for the average rainfall seasons of rainfall under scenarios A2 and B2 (Table 5 and Table 8),
showed that there were 12 and 15 events represent total numbers of rainstorms that might produce runoff with
different hydraulic conditions that may occur during 2057-2058 and 2027-2028 under scenario A2 and B2 respec-
tively. For these seasons, all the rainstorms with dry conditions didn’t produced runoff under both scenarios A2
and B2 due to low rainfall depths in addition the effect of dry CN.

The total runoff that might be harvested from all the basins for the average seasons under scenario A2 reached
up to 4.96 million cubic meters (Figure 7) which was distributed in reservoir 1 to 5 as follows 2.63, 0.52, 0.24,
0.97, and 0.61 million cubic meters respectively. For the average season under scenario B2 the harvested water
volume reached up to 6.11 million cubic meters (Figure 7) which was distributed in reservoir 1 to 5 as follows
3.24,0.63, 0.30, 1.18, and 0.76 million cubic meters respectively.

For average rainfall scenarios, the scenario A2 produced harvested runoff less than scenario B2. This was due
to the fact that, scenario A2 had 2 events with wet condition of 45.9 mm as a total rainfall depth and 4 events with
normal condition with total rainfall depth of 97.8 mm. This is less relative to scenario B2 that had 4 events with
wet condition of total rainfall depth of 81.5 mm and 6 events with normal condition of total rainfall depth of 137.1
mm.

The comparison for the minimum rainfall seasons under scenarios A2 and B2 (Table 6 and Table 9), showed
that there were 5 and 8 rainstorms that may produce runoff with just dry and normal hydraulic conditions that
may occur during 2090-2091 and 2081-2082 under scenario A2 and B2 respectively.

Due to limited number of rainstorms in these seasons, wet condition didn’t achieved.

For the minimum seasons of rainfall under scenarios A2 just one event of 27.0 mm of rainfall depth with nor-
mal condition produced runoff. While under scenarios B2 there were 3 events of 52.6 mm of total rainfall depth
with normal condition produced runoff. When all basins are considered, the total runoff that might be harvested
for the minimum rainfall season under scenario A2 reached up to 0.5 million cubic meters (Figure 7) which dis-
tributed in reservoir 1 to 5 as follows 0.26, 0.06, 0.03, 0.11, and 0.05 million cubic meters respectively. For sce-
nario B2 however, the volume of harvested water reached up to 0.31 million cubic meters (Figure 7) which was
distributed in reservoir 1 to 5 as follows 0.15, 0.04, 0.02, 0.08, and 0.02 million cubic meters respectively.

For minimum rainfall seasons, the water that might be harvested using scenario A2 was more than that of sce-
nario B2. It should be noted that under both scenarios (A2 and B2) just one event with normal condition produced
runoff due to combined effect of low rainfall depth and low dry CN values. The rainstorm depth under scenario
A2 was 27.0 mm which is greater than that of scenario B2 (22.0 mm).

Macro RWH technique in the same study area was applied using recorded rainfall data for the period
2002-2012 [54]. In that work, season 2010-2011 represented the average rainy season of 548.8 mm (Figure 8).
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Total average runoff for the period 2002-2012
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Figure 8. Total average harvested runoff for the period 2002-2012 source: [54].

The comparison of average runoff for the two periods (future and historical) can be achieved considering no
change in curve number values and time period. Future forecasted rainfall extends on a period of 79 years (sea-
sons 2020-2099). The results indicated those seasons 2057-2058 of A2 and 2027-2028 of B2 scenarios are very
close to the average of the whole record as shown in Figure 7 (brown colour). Season 2010-2011; represent the
average rainfall for the period 2002-2012 (11 years) as shown in Figure 8.

Although there is big difference between the years number of future and historical periods, but this kind of
comparison may highlight the idea about the future of the study area and the validity of macro RWH technique
with risk of uncertainty.

However, the results showed that the volume of total average harvested runoff for historical period was 10.72
million cubic meters, distributed on the reservoirs 1 to 5 as follows: 5730509.9, 1071155.6, 510044.7, 2002434 .4,
and 141184.3 cubic meters.

The comparison of average runoff for the two periods (future and historical) showed that the quantity of runoff
for future period of both scenarios A2 and B2 reached up 4.96 or 6.11 million cubic meters respectively. This is
less than that of the historical period that reached up 10.72 million cubic meters. This is due to the decrease of to-
tal average future rainfall, which is in agreement with the scenarios of climatic change. However, the percentage
of average decrease in average total harvested runoff between historical and future period of scenario A2 is
53.73% and for scenario B2 is 43.0%, which is an important indicator about what might happen in hydraulic fu-
ture events taking in to consideration the impact of climatic change which is associated with large uncertainties.

6. Conclusions

Regardless of the causes of climate change, the climate change might cause direct consequences affecting all life
components including water scarcity.

Forecasted rainfall data can help to estimate hydraulic events such as runoff, then water harvesting techniques
that can be used in future planning for agricultural activities in arid and semi-arid regions.

In this study RWH technique had been tested for future rainfall that was predicted by two emission scenarios of
climatic change (A2 and B2). The results showed that: For maximum rainfall conditions, scenario A2 produced
harvested runoff more than scenario B2 where the total runoff that might be harvested for the maximum seasons
(2020-2021 under scenario A2) and (2046-2047 under scenario B2) reached 21.19 and 13.62 million cubic meters
respectively.

For average rainfall conditions, scenario A2 produced harvested runoff less than scenario B2. The total runoff
that for the average seasons 2057-2058 under scenario A2 and 2027-2028 under B2 reached 4.96 and 6.11 million



N. Al-Ansari et al.

cubic meters respectively.

During minimum rainfall conditions, scenario A2 produced harvested runoff more than scenario B2 where the
harvested water for scenario A2 (2090-2091) and B2 (2081-2082) were 0.5 and 0.31 million cubic meters respec-
tively.

The comparison of average runoff for the two periods (future and historical) can be estimated considering no
change in curve number values and time period.

The results showed that the volume of total average harvested runoff for historical period was 10.72 million
cubic meters.

The percentage of average decrease in average total harvested runoff between historical and future period of
scenario A2 was 53.73% and B2 was 43.0%, which is an important indicator about what may happen in hydraulic
future events taking into consideration the impact of climatic change which is associated with large uncertainties.
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