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1. Introduction

This report has been prepared for the Netherlands Climate Assistance Programme (NCAP). Specifically, this report provides a brief synthesis of case study reports prepared by Yemeni colleagues in fulfillment of Output 3 of their workplan entitled: WEAP application of the case study area with developed scenarios detailing the relevant future water balance projections and possible adaptation strategies. The intent of this synthesis is to organize in one place all the salient features of the development of WEAP applications for each of the case study sites. 

2. Mission Review and Objectives 

In April, 2007, Dr. Chris Swartz of Stockholm Environment Institute – US Center traveled to Sana’a, Yemen to aid case study team members responsible for conducting an analysis of water scarcity in three study areas in Yemen as part of the NCAP-funded project “Adapting to water scarcity for Yemen’s vulnerable communities”.  This study comprises three primary work tasks: (1) collecting, interpreting and incorporating relevant water vulnerability data into an integrated, scenario-driven water resource decision support tool (the Water and Evaluation Planning software, WEAP) in order to explore possible adaptation strategies for three case study areas in Yemen; (2) conducting a stakeholder driven prioritization of these possible adaptation strategies using multi-criteria analysis tools; and (3) conducting a dialogue with policy and decision makers in Yemen about how best to facilitate implementation of water scarcity adaptation measures through accommodation of existing regulations and policies and/or development of new regulatory and policy measures. 

Three case study areas have been chose for this project: (1) the urban highland basin in which the political capital of Yemen, Sana’a, is located; (2) a rural highland basin surrounding Sadah; and (3) an urban coastal basin in which the economic capital of Yemen, Aden, is located.  During this mission, Dr. Swartz worked intensively with case study team leaders Dr. Abdulla Noman, Dr. Mansour Haidera, Dr. Alkhatib Al-kebsi, Dr. Saif Alhakimi, all associated with the Water and Environment Center at Sana’a University, over the course of the 12 day mission. Mr. Anwar Noaman of the Environmental Protection Authority of Yemen also attended various meetings over the course of the mission. 

Three primary objectives were identified for this mission. 1) to build capacity and proficiency with the WEAP software among the study team and to work with the team to develop draft, functioning WEAP applications for each case study area; (2) to aid the project team in identifying, conceptually, scenarios concerning possible adaptation strategies for each case study area and to begin to develop those scenarios using WEAP; and (3) to build capacity and proficiency with MCA-WEAP, a multi-criteria analysis tool developed by Dr. William Dougherty that will be employed with stakeholder input to prioritize adaptation strategies considering the primary vulnerabilities around water.  Each of these objectives were accomplished during the mission, as will be discussed in more detail below. 

In addition to the work conducted specifically with the research team on the case study areas, Dr. Swartz conducted a three-hour orientation to the WEAP software attended by approximately 10 faculty and students within WEC and several colleagues from the Water Resources Authority of Yemen.  Dr. Swartz also traveled with the research team to tour the Sana’a basin, which included meeting with local farmers to interview them on irrigation practices and the usefulness of local dams used to infiltrate wadi flow more effectively into groundwater (one of several adaptation strategies to be explored with the scenario-driven WEAP tool).

3. WEAP Model Development Outputs 

This mission succeeded in the development of a functioning WEAP application for each of the study areas. This activity included creation of the schematic representation of each case study basin (see Figures 1, 2, and 3, for screen captures of the WEAP schematic for each case study), incorporation of domestic and agricultural water use demands, and climate and hydrologic parameters, and initial attempts at calibration of the models based on key variables such as observed irrigation water demand and groundwater declines.

3.1. Sana’a Case Study

Figure 1 shows the WEAP application produced for the Sana’a case study site, based on information collected thus far in the projects. 

Figure 1: Sana’a WEAP schematic
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We found that data was most available for the Sana’a basin. As such, the research team was able to incorporate land use data obtained from GIS-based maps, allowing utilization of full hydrologic simulation capabilities of WEAP.  Each of six sub-basins were populated with percentages of three main land use types: Irrigated, Rainfed, and Sparse Vegetation/Rocky.  Four crop types are represented in the Irrigated class: qat, grapes, mixed vegetables, and orchards. Driven by climate parameters such as precipitation, humidity, temperature and windspeed; hydrologic parameters such as soil conductivity, and water holding capacity; and land use characteristics such as leaf area indices and FAO-based crop coefficients values, the Sana’a application is now able to simulate runoff, infiltration, evapotranspirative demand, and changes in soil moisture in each subcatchment representation of the basin.  

· This is of great utility, as it will allow the team to simulate crop water requirements explicitly under any user-defined future climate regime to be explored, rather than having to input estimates of these crop water requirements for future climate regimes into the model.

3.2. Sadah Case Study

Figure 2 shows the WEAP application produced for the Sadah case study site, based on information collected thus far in the projects. 

Figure 2: Sadah WEAP schematic
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The Sadah basin suffers from an inherent lack of data availability. However, the research team was able to gather sufficient data on population, domestic water demand, agricultural land area (irrigated versus rainfed) and crop type to implement a somewhat less detailed version of the hydrologic modeling employed in the Sana’a case study. Without GIS-based land use maps, the team relied on tabular survey data that indicated the amount of agricultural area (irrigated versus rainfed) in each of seven sub-basins. The difference between this total agricultural area and the total area of the sub-basin was then assumed to sparsely vegetated/rocky. Here, the irrigated crop types include grapes, cereals, and wheat. 

It is in working with the Sadah basin through initial attempts to calibrate the model with observed values of irrigation demand (primarily groundwater) that the team first realized the importance of the fact that irrigated and rainfed crops are typically positioned in and around the perimeter of the ephemeral wadis in the basin to take advantage of the runoff flow within them to feed the crops. The team amended the initial WEAP model to accommodate this use of natural runoff to feed both rainfed (where WEAP assumes only actual precipitation falling on the crop area feeds the crop) and irrigated (in which the model was initially constructed so that only groundwater was pumped to satisfy any demand not satisfied by precipitation).

3.3. Aden City Case Study

Figure 3 shows the WEAP application produced for the Aden City case study site, based on information collected thus far in the projects. 

An initial version of the Aden WEAP model was already constructed before this mission.  This model divides the basin into two major sub-basins: the Delta Bana wadis and the Delta Tuban wadis. Because large areas of this basin fall in other provinces, it makes difficult attempts to collect cohesive, consistent data on land use and agricultural land use in particular for the entire basin. For this reason, it would be difficult to employ in Aden the full hydrologic simulation as has been developed for Sana’a and Sadah. Instead, the team will rely on observed irrigated crop water demands as inputs to the model (rather than letting WEAP simulate these demands and using the observed data as calibration points). This results in a loss in capacity to explicitly simulate future crop water demands under climate regimes that differ from that under which the observed data was collected, but ongoing efforts will attempt to collect and enhance the Aden model with the necessary land use data to extend its crop water requirement simulation capability. 

Figure 3: Aden WEAP schematic
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In concluding the WEAP model development component of the mission, the research team created a list of observed and available data that will serve as primary calibration points for their respective models (Appendix A). The team also identified the critical gaps in data that efforts should be made to address as the WEAP modeling and associated scenario analyses move forward from these initial constructs.

4. WEAP Scenario Development Outputs 

Each of the case study teams began to identify a list of scenarios in which to explore potential adaptation strategies. These efforts are summarized in the subsections below. 

A recurring theme among all three case studies involved the utilization of wastewater in reuse strategies for agriculture. Another scenario emphasized in Sana’a will involve the study of how to improve efficiency in collection and use of wadi flow for agriculture, primarily through improvements in damming of wadi flow to enhance infiltration of groundwater to mitigate groundwater table drawdown.  Also, the issue of qat production, and its negative impact on water allocation and use, will be explored through a scenario that will study the impacts to water availability from shifting water used currently for qat production to other crop types that are less water-intensive. For Aden, desalinization options will be explored as well.

4.1. Sana’a Case Study:

The time period chosen is the period 2007-2015 or 2025. A total of five scenarios were identified as briefly described below.

· Reference Scenario: The Reference scenario should represent expected conditions for the future. For climate, one could apply the average change in precipitation/temperature predicted by regional downscaling of global climate models. One could use the Water Year Method to achieve this, using the historical average precipitation and temperature and modifying them by ratios to describe very wet relative to normal, very dry relative to normal, etc, then defining a sequence of climate years (i.e, four years of dry conditions, followed by a normal year, then another dry year, etc).  Or, some mathematical expression such as a growth function to, for example, decrease the historical average precipitation incrementally by some percentage over the scenario time period could be applied. In this scenario, the urban population should continue to grow at expected rate (3.5%?) and rural population continues to grow or decline (due to migration to cities??) at expected rate. Agricultural production should have some trend during this time as well. Is agriculture expected to grow proportionally with population?

· WWTP Expansion Scenario: attempt to connect entire urban Sana’a (even as population grows) to wastewater treatment (existing technology and efficiency – plant is merely expanded) by 2015. Water quality in wadi still suffers because more effluent of poor quality is discharged to wadi.

· WWTP Efficiency Scenario:  enhance the treatment technology to improve water quality in wadi flow

· Wastewater Reuse Scenario:  with the improved quality of effluent due to enhanced treatment, wastewater is injected directly in shallow aquifer at several regional locations to limit evaporation and allow for irrigation abstraction.  Will require transmission system to take treated wastewater to injection locations.

· Indigenous Improved Wadi Flow Use Scenario: utilize wadi flow (from runoff) more efficiently by supporting the construction of ‘terrace’ structures that slow down wadi flow so that it will infiltrate more quickly and limit evaporation.  Since it is a traditional technique, it should be feasible and acceptable to local farmers. Will have upstream-downstream consequences, though – set up system for sharing groundwater gains with downstream?

· Damming Wadi Flow Scenario:  build more dams to collect wadi flow so that it infiltrates. Will possibly result in greater evaporation and not widely accepted by the local farmers. Will have upstream-downstream consequences, though – set up system for sharing groundwater gains with downstream?

· Shift Crop Production Scenario: agricultural land use is shifted from water intensive Qat production to other crop types – can farmer livelihoods still be improved??

4.2. Sadah Case Study

The time period chosen is the period 2007-2015 or 2025. A total of five scenarios were identified as briefly described below.

· Reference Scenario: The Reference scenario should represent expected conditions for the future. For climate, one could apply the average change in precipitation/temperature predicted by regional downscaling of global climate models. Here you could use the Water Year Method to achieve this, using the historical average precipitation and temperature and modifying them by ratios to describe very wet relative to normal, very dry relative to normal, etc, then defining a sequence of climate years (i.e, four years of dry conditions, followed by a normal year, then another dry year, etc).  Or, one could use some mathematical expression such as a growth function to, for example, decrease the historical average precipitation incrementally by some percentage over the scenario time period. In this scenario, the urban population should continue to grow at expected rate (3.5%?) and rural population continues to grow or decline (due to migration to cities??) at expected rate. Agricultural production should have some trend during this time as well. Is agriculture expected to grow proportionally with population?

· WWTP implementation Scenario:   to improve quality of waste flows for reuse, a WWTP is constructed for Sadah city. A conveyance system is constructed to distribute this water to regional GW injection points for subsequent agricultural use.

4.3. Aden Case Study:

The time period chosen is the period 2007-2015 or 2025. A total of five scenarios were identified as briefly described below.

· Reference – The Reference scenario should represent expected conditions for the future. For climate, one could apply the average change in precipitation/temperature predicted by regional downscaling of global climate models. Here one could use the Water Year Method to achieve this, using the historical average precipitation and temperature and modifying them by ratios to describe very wet relative to normal, very dry relative to normal, etc, then defining a sequence of climate years (i.e, four years of dry conditions, followed by a normal year, then another dry year, etc).  Or one could use some mathematical expression such as a growth function to, for example, decrease the historical average precipitation incrementally by some percentage over the scenario time period. In this scenario, the urban population should continue to grow at expected rate (3.5%?) and rural population continues to grow or decline (due to migration to cities??) at expected rate. Agricultural production should have some trend during this time as well. Is agriculture expected to grow proportionally with population?

· ‘WWTP implementation’ to improve quality of waste flows for reuse, WWTPs are constructed for both basins around Aden. This water, which previously was discharged to the sea, will be available for agricultural use. A conveyance system is constructed to distribute this water to regional GW injection points for subsequent agricultural use.

4.4. Evaluation of Adaptation Options 

The research team spent the equivalent of one afternoon reviewing the analytical methodology behind multi-criteria analysis and becoming more familiar with the MCA-WEAP tool developed by Dr. Bill Dougherty. In addition, Dr. Swartz provided the research team with an example exercise developed to explain how the WEAP modeling output can be used in an multi-criteria analysis context.

The context for the evaluation of adaptation options in Yemen is a semi-arid ecological zone experiencing more frequent, prolonged droughts. The impact on rural people of this uncertainty in precipitation and subsequent water scarcity is made more severe by the predominance of water-intensive agricultural livelihoods. Agriculture here is mainly rainfed, so the climate change being experienced is leading to severe food shortages in dry years, which are becoming more frequent. The following steps will be involved in the evaluation process.

1. Identify Key Vulnerability (or vulnerabilities): (Identified by consultation with stakeholders, facilitated using MCA-WEAP.) Uncertainty of access to water to grow food due to changing patterns of precipitation. 
2. Identify Potential Adaptation Strategies (Identified, in part, by consultation with stakeholders; facilitated using MCA-WEAP):

(a) Rain harvesting and storage in small reservoirs - collecting the water and storing it for use in dry periods has widespread appeal by farmers and local businessmen (high consensus).

(b) Rain harvesting and storage in aquifer - again, storing water for use in dry periods has appeal from farmers and local businessmen, but farmers have never heard of doing such a thing and worry about "harming" the aquifer (mediocre consensus).

(c) Water Conservation Initiative Measure by implementing drip irrigation method - Farmers are reluctant to try new method, but local businessmen are eager to sell them the equipment needed. (disagreement)

(d) Promote alternative livelihoods for farmers. Farmers very reluctant to give up farming and move to the city for other livelihoods. Businessmen will also lose their businesses because they will have no customers. (high consensus)

Note: each of these adaptation strategies will be subsequently analyzed as a scenario in WEAP (see step 4 below).

3. Identification of Criteria to evaluate strategies: (Also in consultation with stakeholders in addition to expert knowledge, facilitated with MCA-WEAP):

(a) Cost to implement strategy (emphasized by the farmers because they will bear the cost through taxes and purchase of equipment). Unit of measure = monetary.

(b) Sustainability of strategy (farmers will want stability in their lives, and by businessmen want long term customers). Unit of measure = useful life of reservoir or equipment (years), crop yield increases (metric ton?), magnitude of pollution generated by alternative livelihoods (volume of water polluted in m3).

(c) Does strategy lead to greater access to water (emphasized by farmers in particular). Unit of measure = volume of water made available.

(d) Does strategy preserve agricultural way of life, which is highly valued by the farming community (highly emphasized by farmers, but business don't care as long as someone is around to buy their products. However, the businessmen don't realize that the farmers will likely have to move to the city to get jobs). Unit of measure = personal valuation.

Note: these criteria do not have the same units of measure, sometimes even varying by the strategy for a given criteria. Other criteria are not even readily quantifiable, or thought of in terms of 'numbers', such as the social value attributed to working the land. One way to deal with this issue is to 'normalize' each criterion to a relative scale- perhaps giving it an 'intensity' from 1 to 5, with 1 being very low and 5 being very high (for the cost to implement a strategy, a high cost would be given a value of 5, for example).

4. Information gathering phase (done by experts, uses WEAP):

(a) obtain costs to build dams, buy drip irrigation equipment, etc.; determine if it is feasible for farmers to have economic success with alternative livelihood and still remain in rural area (see Table 1 below).

(b) run hydrology/planning model (such as WEAP) to obtain data on water savings and availability under different strategy scenarios (see Table 1 below).

5. Return to stakeholders with results of analyses: purpose is to let stakeholders review the results (Table 1) and reevaluate their preferences through assigning weights to criteria now that they have information (indicators) to support these criteria - information obtained through data collection and modeling. Data obtained by the WEAP model appears in red in Table 1. 

Note: The linkage between WEAP and the multi-criteria analysis tool MCA-WEAP is not explicit, in that the two tools are NOT formally 'connected'.  Information and results obtained from WEAP simulations are merely used to inform the stakeholder consultation on impacts/effects of particular adaptation strategies. The MCA-WEAP tool then is used in the consultation process to eventually determine the prioritization ranking of preferred adaptation strategies.

Through group consultation, stakeholders now assign (or revise) the weighting for the criteria based in part on consideration of this new information (obtained by the modeling and obtaining the cost information) they did not have in the initial consultation, and these data are input into MCA-WEAP.  These weighting factors describe the relative weight that a single criteria will have in determining the final 'score', or rank, of the adaptation strategy. For example, the stakeholders may assign the criterion of 'greater access to water for local population' as the one with the greatest weight in determining the final score.

6. Rank adaptation strategies: MCA-WEAP provides a prioritization ranking of most preferred strategies (from perspective of all stakeholders) based on the stakeholder valuation of the criteria and their relative weights.

Table 1. Results of Scenario analyses 

	Adaptation Strategy
	Criteria for Evaluating Strategy

	
	Cost to implement
	Sustainability
	Leads to greatest access to water for the local population (measured as per capita water availability in m3)
	Preserves local social values to live an agricultural lifestyle

	Rain harvesting and storage in small reservoirs
	high ($1.5 million required to build dam)
	low (reservoir predicted to fill with sediment in 5 years)a
	medium (additional 10 million m3 of water collected, but loss by evaporation is 35%, so net increase compared to BAU* is only 6.5 million m3; per capita water availability rises to 250 m3) 
	high; farmer continue as they have for generations

	Rain harvesting and storage in aquifer through borehole recharge
	medium ($150,000 required to drill boreholes and buy pumps) 
	high (stakeholders maintain wells and pumps effectively, no unmet water demand for 30 years)
	high (additional 10 million m3 of water collected and loss by evaporation only 5%, so net increase is 9.5 million m3; per capita water availability rises to 350 m3)
	high; farmer continue as they have for generations

	Water Conservation Initiative Measure - Implement drip irrigation
	low ($75,000 required for training in use and purchase of equipment)
	high (long lifetimes for equipment, and it increases crop yields by 20%)
	medium (technique saves 5 million m3 compared to business as usual; per capita water availability rises slightly to 200 m3) 
	high; farmer continue as they have for generations

	Alternative livelihood rather than agriculture
	very high ($5.5 million required to retrain local population and move them to urban areas, and adds an additional $7 million in cost to import food lost by local agriculture)
	low (stakeholders move to city and work in new factories opened just for them, but factories pollute the groundwater in the city, which decreases the water available there by 20%)
	very low (stopping agriculture saves 25 million m3 in the rural area, and alternative livelihoods in city are not water intensive, but pollution from factories decreases groundwater by 100 million m3, so that per capita water availability actually falls to 100 m3 from 150 m3)
	very low; farmers are displaced to city and work in factories


aData appearing in red italics obtained from WEAP modeling.

Appendix A: Calibration and Data Gaps

Calibration/Comparison Points:

(1) Groundwater levels: compare recent annual drop in groundwater level to the drop in groundwater storage calculated by WEAP (found in Supply/Groundwater/Storage). The change in WEAP GW storage divided by area of aquifer should equal actual vertical drop in GW.

(2) Streamflow in wadis: compare streamflow from streamgauges (aggregated to monthly values) to streamflow calculated by WEAP.

(3) Irrigation demand: for Sana’a and Sadah, where catchments are used, compare simulated irrigation water supplied (found in Demand/Catchments/Land Class Inflows and Outflows) to actual by sub basin if available, basin-wide aggregate if that is all that is available.

(4) Wadi Runoff: where catchments are used, compare simulated runoff (found in Demand/Catchments/Land Class Inflows and Outflows) to actual

Major data gaps to address:

(1) trends in groundwater levels for shallow and deep aquifers

(2) irrigation demand estimates

(3) return flows from irrigation to GW

(4) land use/land cover for basins (have Sana’a, need Aden and Sadah in GIS format)

(5) climate data for Sadah (existing is only for several years and it would be good to have perhaps at least 10 years of data (example: 1996-2006).

Sent by Bill Dougherty 29 August 2007
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