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water resources, protecting our fish and wildlife, preserving
the environmental and cuitural values of our national parks
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through outdoor recreation. The Department assesses our
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and for people who live in Island Territories under
U.S. Administration.
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EXECUTIVE SUMMARY

The Kingdom of Morocco established Programme Al Ghait in the early 1980’s as an emergency
response to a severe, prolonged drought. Its primary goal was to utilize weather modification
techniques to augment rainfall. In 1983, at the direction of His Majesty King Hassan II, the
Government of Morocco (GOM) requested assistance with the project from the United States of
America (USA). The U.S. Agency for International Development (USAID) signed an agreement
with GOM in May 1984 to initiate a $6 million technical assistance program that provided both
scientific equipment and training for the project, making Programme Al Ghait a joint USA-GOM
undertaking.

The primary objectives of the joint project were to:

1.  Implement a scientifically based cloud seeding demonstration program for winter
precipitation augmentation over the upper portion of the Oued Oum Er Rbia basin in the
Atlas Mountains to alleviate the existing drought conditions, assess the amount of additional
water produced in the river/reservoir system as a result of the demonstration program, and
evaluate the effects of increased winter precipitation on runoff and its subsequent uses.

2. Examine cloud and precipitation processes to improve the scientific basis of the
demonstration program and obtain evidence of its physical plausibility.

3. Concurrent with the first two objectives, transfer winter precipitation augmentation
technology through informal and formal training to enable Moroccan personnel to design,
plan, implement, monitor, and evaluate similar winter precipitation augmentation projects
over the mountainous areas of Morocco.

4. Increase the awareness of the need for an improved water management program in the
Oued Oum Er Rbia basin which would consider weather modification as one of many water
resources options.

These objectives were largely attained during the past 5 years.
Institutional Structure

Programme Al Ghait was established by His Majesty King Hassan II under the "Haut
Coordonnateur,” General Kabbaj of the Royal Air Force (FRA), and his Project Manager, Colonel
Bamaarouf. The project grant agreement was administered by Mr. Bensari, Director of the
National Meteorological Organization (Direction de la Meteorologie Nationale, or DMN), and
Colonel Bamaarouf. Mr. Benarafa, Director of the project, and Mr. Loukah, Deputy Director, led
a team of over 50 meteorologists, technicians, and observers from the DMN and more than
10 pilots and 20 supporting aircraft mechanics and technicians from the FRA. These personnel
were dedicated to cloud seeding operations, scientific data collection, and analysis.

The Moroccan contributions, which totaled about $7 million in facilities and services, included over
100 personnel, facilities for personnel and equipment at all project sites, cloud seeding aircraft,
and ground-based silver iodide generators for seeding, complete with operators and maintenance.
Facilities for project management, direction of operations, equipment maintenance and supply, data




archiving, and scientific analysis were provided by the DMN in Casablanca. The GOM provided
the field operations center and facilities for Morocco’s first weather radar in Khouribga,
180 kilometers southeast of Casablanca. Rawinsonde launch facilities were built at Beni Mellal and
Tissa, about 230 and 260 kilometers southeast of Casablanca, respectively.

Airborne seeding operations were conducted up to the spring of 1986 by four OV-10 aircraft based
at Marrakech and thereafter by two King Air 100 aircraft based at Kenitra, 200 kilometers
northeast of Casablanca. One of the King Airs was equipped with Morocco’s first cloud physics
data acquisition system in 1987. In addition, a radar-equipped Alpha Jet was available for high-
altitude seeding missions throughout the duration of the project. It was normally based at Meknes.

American assistance provided over $2 million in scientific equipment and supplies. These included
the weather radar with its digital recording system, a cloud physics data acquisition system, aircraft
navigation systems, a satellite direct-readout ground station and analysis system, 2 rawinsonde
systems, 12 microcomputers and software for them, radio communications systems, telecopier and
facsimile data receivers, electronics workshop and test equipment, tools, and miscellaneous other
hardware and expendable supplies. The balance of the $4 million was provided in technology
transfer, which included long- and short-term training programs, both formal and informal, project
design and management, and administrative assistance for procurement.

Scientific basis. - The project was designed to use the latest available technology in winter
orographic cloud seeding to increase the precipitation efficiency of cold clouds in the Central High
Atlas Mountains in the vicinity of 32° N. and 7° W. The project used silver iodide (Agl) as the
seeding agent. Silver iodide particles act as ice nuclei, converting supercooled cloud droplets to ice
crystals, which can grow rapidly into snowflakes. The silver iodide was released from aircraft,
ground-based seeding generators, or both during periods when seedable clouds existed that could
affect the target area. The methods were similar to those successfully employed in operational and
research projects in the Sierra Nevada of California, an area with climate and geography similar
to those of Morocco.

Project design. - Due to the severity of the ongoing drought, the cloud seeding plan called for the
treatment of all storms with seeding potential that were expected to affect the drainage area of
about 7000 km® feeding Bin El Ouidane reservoir. A target-control design was selected for the
statistical evaluation. This design required the selection of a control area near the target. Cloud
systems affecting the control area were not to be treated, but measurements would be made for
eventual use in the evaluation of seeding effects. Streamflow was selected as the primary response
variable for the statistical evaluation because lengthy records existed for the target and control
areas. Streamflow is also the variable of primary importance to Moroccan water resources needs.

Major Achievements

1. Implementation of field operations. - The field program was initiated in July 1984 with
the construction of facilities and staffing of project headquarters and field sites. Headquarters
were set up at the Casablanca Anfa Airport. Field sites, including the radar operations center
and a rawinsonde station, were activated. Cloud seeding aircraft were modified for cloud
seeding and placed on station at Marrakech.
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A detailed scientific operations plan was developed for Morocco and used to guide
meteorological and technical personnel in the daily conduct of operations. Seeding operations
began in November 1984 and continued through May 1985. The same operational season
applied in subsequent field seasons through May 1989. As previously noted, after the spring
of 1986, aerial cloud seeding was accomplished by King Air aircraft operated from Kenitra.

Cloud seeding efficiency was less than desired for the first 2.5 years, when all seeding was
conducted by aircraft and field personnel were still receiving basic training. Seeding efficiency
increased substantially, from less than 15 to more than 70 percent, after ground-based silver
iodide generators were installed in January 1987 to provide more continuous seeding.

Field operations conducted from 1984 to 1989 resulted in the seeding of 15 to 25 storm events
during each season, with a total of 144 seeded days during the 5 years. Weather forecasts were
prepared for each day from November through April of each season. Radar surveillance was
maintained throughout all storms affecting the area except when equipment failed.

During 1985, a specially instrumented jet aircraft from the University of North Dakota was
operated in Morocco to collect cloud physics data pertaining to the seedability of winter clouds.
Beginning in 1987, the project’s specially instrumented King Air collected detailed data on
cases considered important to physical studies. Analyses of these data have helped in
developing and refining seeding strategies and procedures.

2.  Transfer of technology. - The technology transfer process was the most important aspect
of the project. The process involved the training of personnel, acquisition of vital equipment,
and the conduct of a demonstration cloud seeding program. Three phases of training were
employed with Moroccan scientists and technicians to provide a solid foundation for them to
fully conduct the project. The training consisted of (a) informal on-the-job training, (b) formal
seminars and lectures which presented the theoretical basis of weather modification and cloud
physics principles, and (c) joint collaborative studies which reinforced previous material and
dealt in depth with scientific information on Moroccan clouds and weather, cloud seeding
strategies, and improved evaluation of seeding results.

On-the-job training of electronics technicians and engineers was particularly emphasized in
their training. Scientists from the United States presented courses and seminars in Morocco,
and Moroccan scientists and engineers visited the United States where various training and
collaborative studies were conducted. Over 50 scientists received direct training from
20 American experts. Over 30 student-months of formal seminar training were received in
Morocco by meteorologists, technicians, and engineers. In addition, four scientists completed
their Master of Science degrees in the United States. Two other students were funded under
the USAID sector support training project and completed theses on topics related to the
project. Nine electronics technicians spent more than 23 person-months training in the United
States. Eight operational and four research meteorologists spent more than 25 person-months
conducting studies and learning about American scientific techniques on American projects
in the United States. These scientists and engineers returned to Morocco to implement their
new knowledge on project operations and scientific and evaluation studies.
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3. Scientific analysis and evaluation. - A number of physical studies have been conducted
as part of Programme Al Ghait. Some of these have concentrated on understanding seeding
opportunities in Morocco. Physical studies with measurements taken inside precipitating
storms of the High Atlas indicate that conditions which are favorable to seeding occur
frequently and extend over large areas. Analyses of supercooled clouds observed in 1985 by
the University of North Dakota cloud physics aircraft indicated that supercooled liquid water
occurred often, with concentrations ranging from 0.2 to 0.7 g/m’ in the absence of natural ice
at temperatures of -5 to -12 °C. These conditions are considered favorable for cloud seeding
and, to some degree, more so than those found in the Sierra Nevada of California, where ice
occurred more frequently. Cloud physics data collected after 1987 with the instrumented King
Air have confirmed the earlier estimates of frequency and areal extent of regions of
opportunity for seeding. Radar, satellite, and numerical modeling studies are being conducted
to better define the frequency of favorable opportunities and the areal extent of seedable
conditions detected in the cloud physics analyses.

Statistical analysis of historical target and control streamflow data indicated that at least
6 years with cloud treatment are necessary to provide a 50-percent probability of detecting a
10-percent increase in streamflow. However, only 1.5 years of seeded results are available for
evaluation, as a result of the elimination for analysis purposes of the first 2.5 seasons of
seeding due to the low initial cloud seeding efficiency (less than 15 percent) and unavailability
of control streamflow for the 1988-89 season. With only a 1.5-year treated sample available,
which represents about one-fourth of the required data, it was decided not to analyze any
seeded results because they could be misleading. Even when the 1988-89 results become
available, at least 4 more years of efficient cloud seeding are required for the statistical
evaluation.

4, Increased awareness of weather modification as a water resources management option. -
Hydrologic and economic studies were designed to assess the economic feasibility of cloud
seeding programs in Morocco. These studies were conducted by Moroccan water resources
agencies working with Reclamation hydrologic and economic experts and DMN scientists to
develop objective methods for the evaluation of hydrologic impacts on the Moroccan economy.
Through close cooperation and collaboration, the water resources management institutions in
Morocco eventually became aware of Programme Al Ghait and its potential for impacts on
their operations. American experts presented special seminars and workshops to the
Moroccan water resources experts and Programme Al Ghait staff. Such meetings increased
interest in weather modification as an additional tool in water resources management.
Preliminary results of conducted studies provided additional credence to its feasibility for that
purpose.

Hydrologic studies produced some interesting results. Numerical river simulation models
that included the hydroelectric generating characteristics of powerplants and irrigation and
domestic water diversions within the Oued Oum Er Rbia basin were used to simulate the
effects of additional water from November to July of the period 1940 to 1985. The additional
water represented the effects of 5- and 10-percent increases in monthly streamflow due to
seeding. The Administration de Hydraulique (Hydraulique) river model that was employed
gave results indicating significant increases of 46 and 89 gigawatt hours (GWh) above the
normal annual average hydroelectric power generation for the 5-and 10-percent streamflow
increases, respectively. The National Electrical Organization (ONE) river model produced
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about 30 percent more power in similar simulations over the 46-year period, supporting the
Hydraulique model estimates. Annual average reservoir storage increased 60 and 100 millions
of cubic meters (M m®) above the normal for the 5-and 10-percent augmented flows in
simulations performed. This resulted in irrigation water diversion increases of 28.5 and
53.0 M m’. Domestic water demands were largely fully met without the enhancements from
seeding; however, simulations indicated an average annual increased delivery of 2.5 and
4.6 M m’ for the respective 5- and 10-percent increases.

Economic analysis of the hydrologic impacts and project costs and benefits indicates that the
benefits from cloud seeding will most likely exceed the costs. Initial hydrologic river model
simulations indicate that augmented hydroelectric power, irrigation water, and municipal and
industrial water will provide a benefit-to-cost ratio greater than 1.0 as a result of seeding. Note
that benefit-to-cost estimates were based on a sensitivity analysis using a range of values for
water, agricultural products, and hydroelectric power, which are difficult to establish without
a comprehensive evaluation of any subsidies. The available data used in this economic analysis
were incomplete; therefore, additional studies are needed to provide a better range of
estimates of benefit-to-cost ratios.

Lessons Learned

A number of useful lessons were learned during the past 5 years which may benefit future projects.
Noteworthy were the following items:

Management

e A National Steering Committee (NSC) which coordinated interagency activities and
expedited installation and construction of facilities was very helpful for project
coordination among agencies and throughout the country.

e A Project Steering Committee (PSC) which coordinated project activities and made
critical decisions with direct USAID and Resident Scientific Advisor (RSA) input was
found to be very effective in managing the project.

¢ American project implementation would have been more efficient with an implementation
team of three resident experts in electronics, weather modification operations, and
scientific project management. In future projects, such a team should be provided and
the electronics and operations experts should reside in the host country during the first
6 to 12 months.

¢ A complete scientific operations plan and set of position descriptions and specific work
plans for all personnel should be prepared at the beginning of any future projects for
personnel management and scientific guidance.

¢ A complete staff should be assigned at the outset of each project, and personnel assigned
to a project should remain with it throughout its existence.

*  The data management position is a critical scientific position for scientific data collection,
quality control, and archival. This position should be filled at the beginning of projects




and all data handling procedures established during the first 6 months and maintained by
the scientific team.

¢  Annual monitoring reviews by senior experts who initially designed the project were very
helpful in maintaining the project’s continuity and its original goals and objectives and
should be provided in future projects.

o  External evaluation team monitoring of the project was found useful when combined with
the annual monitoring reviews and should be provided in future projects.

Training

e  Long-term training was found to be an excellent alternative for specific research contracts.
The master’s-level student research and theses on project-related topics were very
successful in transferring high-level expertise to Morocco and accomplishing research
goals. This type of activity is highly recommended.

o  Long-term students should start their training at the beginning of the project so that their
findings contribute to the project design and they may participate in its operations and
evaluation.

e  Scientific collaboration between individual Moroccan and American experts in cloud
physics, radar, numerical modeling, and field operations was found to be very effective
with scientific interaction in Morocco followed by continued research in the United States.
Frequent quarterly or trimester trips to Morocco and annual trips to the United States
were the most productive. This form of informal scientific interaction and educational
exchange was one of the most successful aspects of technology transfer and is highly
recommended for future projects.

¢  Peace Corps English language training was very successful and is recommended for future
projects.

Operations

o  Sufficient time and resources for the conduct of field operations and the physical and
statistical evaluation of results should be incorporated into the original project design to
permit a comprehensive evaluation of the seeding effects so that the host country may
make sound scientific and economic decisions regarding the application of weather
modification as a water resources management option.

*  Co-location of operational and research facilities such as aircraft, operations directors,
and scientific teams is highly recommended.

e A comprehensive equipment procurement, installation, inventory control, and training
plan is needed at the beginning of the project. This plan should include detailed training
needs for electronics and maintenance technicians and equipment managers.



Recommendations

1. The Moroccan Government should continue the project to reach scientifically sound
results and to arrive at a final decision as to the project’s capability as a water resources
management option. - The project should be continued for a minimum of 4 more years to
acquire a seeded sample adequate to determine whether cloud seeding effects are large enough
to be economically beneficial. In order to obtain the required sample, the project should
continue to follow the existing management plan including the conduct of:

¢ Regular PSC meetings.

¢  Scheduled NSC meetings and annual reviews.

e Normal cloud seeding operations, data collection, and scientific and evaluation
studies following the project design and operations plan utilizing the existing facilities
and trained personnel.

The following items are seen as vital to be accomplished in connection with continuation of
the project:

e Fund an annual budget in both dirhams and foreign exchanges as appropriate to
support the continued execution of Programme Al Ghait, including its personnel,
equipment and supplies, and cloud seeding materials.

o  Establish an autonomous officially constituted and recognized organization whose
primary mission is to carry out Programme Al Ghait.

e  Complete the installation of the ground-based seeding generator network, so that all
of the current target area is seeded during all seedable events.

e  Continue scientific operations and data collection in accordance with the Operations
Plan.

*  Execute a formal agreement between the Programme Al Ghait organization and the
FRA whereby the FRA continues to provide the aircraft and seeding materials
required to carry out the seeding operations.

e  Execute a formal agreement among Programme Al Ghait and ONE and Hydraulique
whereby ONE and Hydraulique provide promptly the streamflow data for evaluating
the program.

Funding to continue the project will require a significant increase from the Ministry of Finance
above the previous budgets for 1984-89, when American funds provided many expendable
supplies, instruments, and parts.

2.  The scientific research capabilities should be enhanced. - The scientific team has begun

a series of interesting and useful studies which should be completed. This work will require
more time and effort for detailed scientific analyses, data quality control, and development and
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refinement of software and data bases for the display and processing of information. Larger
data samples and better stratification of events into homogeneous samples are needed to draw
sound scientific conclusions.

Research results should be published in scientific journals and presented at professional
meetings. Presentation of results to other Moroccan water resources experts will help them
to understand the conditions that may produce opportunities for precipitation enhancement
and subsequent improvements in water resources. Presentations to the international scientific
community will improve the general understanding of the physical processes of precipitation
in northwest Africa and the potential for weather modification in that region, so other nations
may benefit from Morocco’s experience. More general studies from the Programme Al Ghait
data sets may lead also to better weather forecasting and understanding of the structure of
storm systems in that region.

Specific scientific data collection and studies recommended for the project include the
following:

e Studies of the radar and satellite data should be expanded to describe the
mesosynoptic physical characteristics of precipitation events in Morocco. These
results should then be combined with the cloud microphysical observations and
numerical modeling simulations to better understand the physical mechanisms that
cause precipitation in Morocco. Radar data collection and quality control should
continue in accordance with the Operations Plan through 1993.

e  Additional data collection and analyses are needed in the areas of cloud physics and
statistical evaluation. These data should be collected from 1989 to 1993 in order to
continue existing analyses and provide required expanded sample sizes.

e  Statistical-physical evaluation techniques that deal with the large natural variations
of precipitation in the target and control areas need further study. The search for
covariates for the statistical evaluation should be expanded to at least further
exploration of the use of the Rhea model. This research will require continued effort
and careful analysis. The numerical modeling work of Mr. El Majdoub and
Mr. Abidi should be continued to better quantify the precipitation and runoff
received in Morocco and lend support to other studies that are dealing with the
physical mechanisms of the precipitation process.

3. The United States should continue involvement in the project. - Continued American
participation in the project was recommended by the Final External Evaluation Report and
the Annual Monitoring Report in 1989. Those reports recommended continued involvement
for at least the next 4 years until a sound scientific result can be obtained.

The United States should look for ways to support continued scientific collaboration after the

end of the current USAID project to ensure that sound scientific results can be obtained over
the next 4 years. This assistance would consist of:
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e Continued monitoring of the GOM progress in successfully implementing
recommendations 1 and 2 above, and if the monitoring indicates that the GOM is
successfully continuing Programme Al Ghait, then the United States should consider
limited additional assistance in the areas of:

. e Statistical evaluation studies.

¢ Improved application of numerical precipitation and air flow models.
Expanded and improved cloud physics aircraft data collection and analysis.
Improved radar data collection and analysis.
e  Mesoscale analyses and storm system seedability studies.
»  Expanded and improved hydrologic and economic applications studies.

In summary, the joint Moroccan-American Programme Al Ghait has been a successful program of
technical assistance and technology transfer. It has resulted in the establishment of a well-trained
team of meteorologists and technicians who are able to conduct scientific weather modification
operations and physical and evaluation studies on data collected. This type of scientific exchange
has benefited the Moroccan meteorological service and the international meteorological community
through the increased scientific observational capabilities and the basic knowledge gained from the
project’s scientific studies. These new observational capabilities will contribute new data to the
international community to better understand daily weather and global climate.
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1. INTRODUCTION

1.1 Drought Prior to Programme Al Ghait

Generally dry conditions began in Morocco in 1975. A serious drought began in the water year of
1981 (September 1, 1980, to August 31, 1981), with precipitation ranging from 40 to 60 percent
below normal in important agricultural areas (especially in central Morocco), severely reducing the
country’s water supply. Comparable precipitation deficiencies had not occurred since the late
1930’s. Overall, the following (1982) water year was slightly less dry, but brought a shift in the
precipitation distribution with the greatest deficiency in the north. The 1983 water year had the
~worst precipitation deficits since the drought started; precipitation amounts nationwide ranged from
40 to 80 percent below normal. There was a slight increase in precipitation during the 1984 water
year, but accumulations still ranged from 20 to 40 percent below normal. The 4-year cumulative
precipitation deficiency was over 120 percent of yearly normal in much of the central, southern, and
eastern areas. Ground-water storage and reservoir supplies were in great part depleted. Reservoirs
held about 10 to 20 percent of their normal capacity, and many were under their minimum
operating level. Before 1980 hydroelectric power had met about 30 percent of the nation’s energy
needs; by 1984 the corresponding figure was down to 8 percent. The social and economic impact
of the drought, considered to be the worst in modern history, was compounded by greatly increased
demand for additional water resources caused by rapid population growth, urbanization,
industrialization, and expansion of irrigation.

1.2 Establishment of Programme Al Ghait

Weather modification to increase precipitation had been attempted in Morocco several times prior
to the serious drought which began in 1980. In the 1950’s, officials of the colonial administration
had contracted with a private firm from the United States for cloud seeding to increase

precipitation over a portion of the Atlas Mountains. It is difficult to specify the net results of the
seeding operations.

At the direction of His Majesty King Hassan II, Government of Morocco (GOM) officials
investigated the possibility of using weather modification to increase precipitation during the
drought of the early 1980’s. The GOM created a high-level committee to supervise and coordinate
its weather modification activities, which were organized under the title of Programme Al Ghait.
Personnel of the National Meteorological Organization (Direction de la Meteorologie Nationale,
or DMN) and the Moroccan Royal Air Force (Forces Royales Air, or FRA) collaborated in the
conduct of some experimental cloud seeding flights in 1982 and 1983 using an Alpha Jet trainer to
drop pyrotechnic flares containing 20 grams of silver iodide each into rising convective cloud towers.
The committee also conducted a series of meetings to acquaint administrators, technical experts,
and public leaders with the weather modification program.

1.3 United States Support of Programme Al Ghait

In June 1983, at the direction of His Majesty King Hassan II, the GOM requested assistance from
the United States with Programme Al Ghait. Specifically, the GOM requested help from the U.S.
Agency for International Development (USAID) to mitigate the severe drought in Morocco and
to improve the ability of the National Meteorological Organization to conduct effective weather




modification projects. Following receipt of this request for assistance with Programme Al Ghait,
USAID turned to the National Academy of Science (NAS) for advice on how to proceed. The NAS
convened a meeting of experts on weather modification in Washington, D.C., in August 1983 to
consider how the U.S. Government (USG) should respond to requests from foreign governments
for assistance with weather modification projects. The NAS provided a cautious assessment of the
possibilities for success in such projects, but did not rule out entirely the chance of a useful result.
The request was then cleared by the National Security Council.

With support from USAID under a Participating Agency Service Agreement (PASA) with the U.S.
Bureau of Reclamation (Reclamation), a team of four American scientists led by Dr. Bernard
Silverman of Reclamation visited Morocco in November 1983 to investigate the possibilities for
cloud seeding in that country. After a thorough review of the facilities and evaluation of the
potential for weather modification in Morocco, the team prepared a "Weather Modification
Assessment for the Kingdom of Morocco" (Silverman et al., 1983); they concluded that a winter
cloud seeding demonstration program over a portion of the High Atlas Mountains appeared
worthwhile. On the basis of the assessment, negotiations went forward for continued Reclamation
participation in Programme Al Ghait.

In May 1984 the Kingdom of Morocco, acting through its Ministry of Transportation (the parent
agency of DMN), and the United States of America, acting through USAID, signed a Project Grant
Agreement for a multiyear winter snowpack augmentation project in Morocco. The agreement
provided six million dollars ($6,000,000) in USAID funds and a matching amount from the GOM
in services, personnel, and materials for the execution of a winter cloud seeding demonstration
project in the High Atlas Mountains.

USAID implemented the project through a second PASA with Reclamation. Under the terms of
the PASA, Reclamation provided overall scientific management and administered USAID’s
$6,000,000 program. In partial fulfillment of the requirement to provide scientific management,
Dr. David Matthews was stationed in Casablanca, Morocco, as a Resident Scientific Advisor (RSA)
from August 1984 through August 1988 to coordinate the technical assistance effort. In addition,
modern meteorological and communications equipment, as well as technical training in how to use
and maintain the equipment, was provided under the program. The program also included training
for Moroccan meteorologists in the technology of weather modification and collaboration between
Reclamation and GOM scientists on the project evaluation. The first operational field season began

in November 1984, and operations have continually become more technically sophisticated and
extensive.

1.4 Goal and Objectives of Programme Al Ghait

With the signing of the Project Grant Agreement, Programme Al Ghait became a joint project
between the United States and Morocco, with the goal to increase manageable water resources in
Morocco through the implementation of a scientifically based weather modification project on a
demonstration basis. The purpose of the project was to assist the development within the GOM
of an ability to design, plan, implement, monitor, and evaluate scientifically based weather
modification programs in Morocco (Lintner and Silverman, 1984).

In late April and early May 1985, an external evaluation of the project was conducted by a team
of three U.S. experts in weather modification from outside Reclamation. One of the key findings




from their assessment of the project’s status was that there were "at least nine objectives, some non-
complementary, with a lack of agreement by the participating institutions as to their priorities"
(Changnon et al., 1985). They recommended that Reclamation, USAID, and GOM collaborate "to
develop a more clearly focused set of prioritized objectives which all agencies can agree upon and
which can be clearly translated into opérational and research guidelines and actions." Subsequently,
the following primary objectives were established for Programme Al Ghait:

1. Implement a scientifically based cloud seeding demonstration program for winter
precipitation augmentation over the upper portion of the Oued Oum Er Rbia basin in the
Atlas Mountains to help alleviate the current drought conditions, assess the amount of
additional water produced in the river/reservoir system as a result of the demonstration
program, and evaluate the effects of increased winter precipitation on runoff and its
subsequent uses.

2. Examine cloud and precipitation processes to improve the scientific basis of the
demonstration program and obtain evidence of its physical plausibility.

3. Concurrent with the first two objectives, transfer winter precipitation augmentation
technology through informal and formal training to enable Moroccan personnel to design,
plan, implement, monitor, and evaluate similar winter precipitation augmentation projects
over the mountainous areas of Morocco.

4. Increase awareness of the need for an improved water resources management program
in the Oued Oum Er Rbia basin and of the contribution that weather modification can make
to the water resources.

The work described in the remainder of this report was intended to fulfill the objectives just stated.

1.5 Program Management

Responsibility for the program management rested jointly between the USG and the GOM. To
provide an effective management team, a Project Steering Committee (PSC) was established to
manage the day-to-day issues within the project. Issues beyond the immediate conduct of the
project were managed through the National Steering Committee (NSC), which interfaced with other
-ministries and agencies within Morocco.

1.5.1 Project Steering Committee. - As of 1987, the PSC was comprised of Mr. Amed Bensari,
Director of DMN; Colonel Mohamed Bamaarouf, the coordinator for FRA; Mr. Saad Benarafa,
Project Director; Mr. El Bachir Loukah, Deputy Project Director; Mr. Brahim Louaked, Equipment
Coordinator; Mr. Harry Petrequin, Deputy Mission Director; the USAID Mission Project Officer;
and Dr. David Matthews, RSA. When the USAID Environmental Coordinator for Asia/Near East
[Dr. Stephen Lintner (1984-87); Mr. Glen Whaley (1988)] and Dr. Bernard Silverman of

Reclamation were in Morocco for the annual monitoring reviews, they served as ex officio members
of the PSC.

The PSC was authorized to approve required changes in the project design, to discuss problems,

and to identify solutions to problems in project management, implementation, monitoring, and
evaluation.




1.5.2 National Steering Committee. - The NSC was organized to provide national support to
the project and serve as liaison between the two primary implementing agencies (DMN and FRA)
and other interested GOM agencies. It was comprised of representatives from the following
ministries and agencies: Ministry of Transport, Ministry of Defense, Ministry of the Interior,
Ministry of Mines and Energy, Ministry of Agriculture, Ministry of Post and Telecommunications,
and the National Center of Coordination and Planning of Technical and Scientific Research. The
committee met once each year to review progress and make recommendations.

1.5.3 Mission project officer. - The project was in the portfolio of the Mission’s Energy and
Natural Resources Division, which was directed by Mr. Stephen Klein. The USAID Mission project
officer was responsible for in-country project administration and routine monitoring.  He
coordinated with the Resident Scientific Advisor to ensure project performance and represented
the Mission on the Project Steering Committee. The series of Mission project officers ~ John
Giusti (1984-85), Robert Kahn (1986, 1988), Samir Zoghby (1986-87), and Eric Loken (1988-89)
- provided excellent support to the project and guided the critical management decisions. Their
experience in developing and implementing technical assistance projects contributed greatly to the
successful implementation of Programme Al Ghait. Specific assistance included coordination of
training with the Mission training officer and coordination with other Mission offices including
Planning, Agriculture, and Economics, and within Energy and Natural Resources .

1.5.4 Resident scientific advisor. - Reclamation assigned a scientist full time to the field
program in Morocco. Dr. David Matthews moved to Casablanca and served as the RSA at the
project headquarters at Casablanca Anfa Airport. He provided scientific management, technical
monitoring of contractors in the field, and project coordination. He worked with the Moroccan
meteorological and technical team on a day-to-day basis in developing a scientifically sound program
and providing advice and training in its execution.

1.5.5 Annual monitoring review. - The project plans called for an Annual Monitoring Review
(AMR) by Dr. Bernard A. Silverman of Reclamation and the Environmental Coordinator, Bureau
for Asia/Near East of the USAID Washington Office. Each year the AMR team visited Morocco
and reviewed the project with the PSC and the USAID Mission. They visited all project field sites
and the facilities of cooperating GOM organizations to examine the scientific quality of the project
and verify the use of suspension criteria in cloud seeding operations. The monitoring team

provided expertise regarding the scientific basis of the project, operations, management, and
environmental issues.

1.5.6 External evaluation. - Three senior experts in the scientific, operational, and water
resources aspects of the project were selected to provide an independent review of the project and
advise Reclamation, the PSC, and the USAID Mission on the progress toward its objectives. The
team made three in-country reviews, each of 2 weeks’ duration. The team focused on the scientific
design, project implementation, project management, institutional development, transfer of
technology and training, and the water resources planning and management.

1.5.7 Coordination with other donors. - Given the need identified in the Weather Modification
Assessment (Silverman et al., 1983) and the Project Paper (Lintner and Silverman, 1984) to improve
water resources and land use management, the USAID Mission attempted to coordinate with other
donors, particularly the World Bank. It provided information on the findings of the project,



especially with regard to institutional development and personnel training needs in water resources
planning and management, to other interested parties in multilateral, bilateral, and international
organizations in an attempt to attract additional resources in addressing these problems. As
information becomes available from the scientific and economic evaluations, it will be provided to
other donors, particularly those interested in providing capital for development of infrastructure in
the water, forestry, rangelands, and watershed management sectors. The Mission and RSA
coordinated training of DMN personnel in programs offered by the European Space Agency and
the USG’s National Oceanic and Atmospheric Administration with support from the United Nations
Development Project.

The following chapters of the report summarize the inputs to the program from the GOM and the
USG and the program outputs in terms of technology transfer and scientific studies, and provide
a summary of lessons learned.
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2. SCIENTIFIC DESIGN OF PROGRAMME AL GHAIT

2.1 Purpose and Approach

The purpose of the project was to develop within GOM an ability to design, plan, implement,
monitor, and evaluate scientifically based programs of winter snowpack augmentation in the context
of water resources management. The institutional development of the DMN, through the transfer
of weather modification technology to their staff, providing of new equipment, and training on the
equipment operation and maintenance, was considered to be of primary importance.

The first step in developing the operational design for Programme Al Ghait, taken during the
November 1983 assessment visit, was to examine results of cloud seeding in regions having climates
similar to that of Morocco to see what operational approaches, if any, had provided evidence of
increases in precipitation. Initial comparisons indicated that some precipitation augmentation
projects in California were suitable analogues of the Moroccan situation. Both Morocco and
California have Mediterranean climates with pronounced winter maxima of precipitation, and both
receive most of their precipitation as maritime air masses flowing inland impinge upon high
mountain ranges. The 1983 assessment noted that operational cloud seeding programs in California
aimed at increasing winter orographic precipitation had given statistical indications of increases of
3 to 10 percent in annual runoff from precipitation. Most of these projects involved the release of
silver iodide (Agl) crystals to form additional ice particles in supercooled clouds or mixed-phase
clouds. The Agl generators were operated either on the ground or on aircraft flying at
temperatures slightly below 0 °C.

Development of the operational plan for the Winter Snowpack Augmentation Project required a
more in-depth evaluation of the climate of Morocco, especially as it related to the frequency and
duration of winter orographic cloud seeding opportunities. Since no cloud physics data were
available for Morocco, the collection of sample data sets followed by an analysis of these data for
seedability was given high priority. This was necessary so that cloud seeding procedures could be
designed to maximize seeding effectiveness.

The demonstration project was designed to be evolutionary in its implementation. Initial emphasis
was devoted to acquisition and installation of the equipment and facilities necessary for conducting
cloud seeding operations, initiation of training in the various dimensions of the project, and
establishment of an organizational and operational framework for the project. Initial operations
were restricted to VFR (visual flight rules) airborne seeding of the target area during daylight
hours using only uniform, simplified flight procedures. After the operations personnel gained
additional knowledge and experience and the necessary equipment and facilities had been installed,
the seeding operations were extended to include IFR (instrument flight rules) airborne seeding and
ground-based seeding using manually operated silver iodide generators.

In order to ensure the technically responsible and economically feasible application of cloud seeding
technology as a water resources management tool rather than as an emergency response to drought
conditions, the project design included physical, statistical, and economic evaluations to provide a
basis for a rational decisionmaking process governing the use of this technology. The Winter
Snowpack Augmentation Project’s Evaluation Program was developed in four major parts as follows:




1.  Physical evaluation. - To determine the seedability of winter clouds over mountainous
areas of Morocco.

2. Statistical evaluation. - To determine the amount of additional streamflow produced as
the result of cloud seeding operations.

3. Economic evaluation. - To determine the costs and benefits of the production and use of
additional streamflow as the result of cloud seeding operations.

4. Application activities. - Studies and training which apply the findings and
recommendations of the physical and economic evaluations to practical issues in water
resources management.

2.2 Choice of Location

2.2.1 Climatology. - The choice of a location for a demonstration project depended upon a
number of factors, including facilities and communications. However, climatological considerations
played a key role in the selection.

Morocco is located on the northwest corner of Africa and has a varied topography including coastal
plains, upland plateaus, and rugged mountains. Its climate is determined by its latitude and its

topography.

The subtropical high-pressure zone that encircles the earth around 30° N. often extends from east
to west across southern or central Morocco. The Azores high-pressure area, which is part of this
zone, strongly controls the weather over the northwestern part of Africa and accounts for the
prevailing dryness. From November through April, the Azores high-pressure area sometimes shifts
westward, which allows storms of polar origin to affect most of Morocco north of 30° N. Generally
speaking, Morocco has a very dry summer, centered around July, and two wet periods in early
winter (November-December) and late winter (February-March) separated by a somewhat drier
January.

The winter storms follow one of the two principal storm tracks, namely, west-to-east and north-to-
south. The two storm tracks are associated with zonal and meridional flow, respectively. The
established statistics show that the storms associated with a meridional circulation appear to be
three times more frequent than those associated with a zonal circulation.

In autumn the principal cause of precipitation is low-pressure areas moving into Morocco from the
northwest and associated passages of cold fronts marking the leading edges of polar air masses.
A cold front passage is frequently preceded by a flow of moist, tropical air from the southwest that
results in widespread precipitation over the High Atlas Mountains. In the late-winter wet period
(after January’s typically drier weather), incursions of the Mediterranean front into Morocco from
the northeast play a major role in the production of precipitation.

The geographical distribution of normal annual precipitation shows clearly the effects of latitude

and topography. In the coastal plains, the average annual precipitation drops from 800 millimeters
at Tangier in the north to 400 millimeters at Casablanca in the central area, and finally to
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240 millimeters at Agadir in the southwest. This is due to the protective action of the Azores high-
pressure ridge extending toward southern Morocco.

The High Atlas is the longest and most massive of the Moroccan mountain ranges. It extends
from the Bay of Agadir on the Atlantic Ocean in the southwest to about 125 kilometers south of
the Mediterranean Sea near the Moroccan/Algerian border in the northeast (fig. 2.1). With a
southwest-northeast orientation, a mean altitude of about 3000 meters above mean sea level, and
peaks extending from 3500 meters to above 4000 meters, the High Atlas constitutes an effective
barrier to the oceanic storms. Because the air flowing over Morocco during winter storms usually
comes from a westerly or northerly direction, regions southeast of the High Atlas are much drier
than places at the same latitude but located northwest of the High Atlas.

The heaviest rains tend to fall on the windward slopes of the mountains. There are three important
rainfall maxima; they are located in the Rif Mountains in northern Morocco (1600 mm annually
at Outka), the northern part of the Middle Atlas (1100 mm at Ifrane), and the central High Atlas
(around 1000 mm at the higher elevations).

The mean frequency of storms that affect Morocco during the November-April period ranges from
two to five per month; storms occur most frequently during December, February, and March.
Except for situations with cyclogenesis in the vicinity of Morocco, which can last from 5 to 7 days,
zonal and meridional storms do not exceed 2 or 3 days’ duration. In general, the duration of
storms is longer in autumn and winter than in spring, when the duration may be limited to a day.

The mean number of days with precipitation per year on the northwestern side of the High Atlas
Mountains ranges from 60 to 65 in the north, 45 to 50 in the center, and 30 to 35 in the south.
The intensity of precipitation varies in time and space; its value may range from 0.5 to 15 mm/h
and, under certain conditions, may reach 30 to 40 mm/h, inducing floods.

Despite the low latitude, Moroccan mountains have frequent and important snowfalls in November
and December, and more in January and February. The freezing level in the winter in the central
High Atlas is usually around 2500 meters. During winter storms of polar origin, snow is commonly
observed down to 1000 meters elevation. The snow that falls below the 2000-meter level melts
quickly and contributes to the runoff in near real-time leaving, nevertheless, an important
proportion of the High Atlas with extended snowpack. Snow depth averages from a few centimeters
in the lower elevations to as much as 150 centimeters near the crest.

222 Choice of target and control areas. - On the basis of the apparent success of
precipitation projects in the California mountains and the results of other studies indicating the
feasibility of seeding winter orographic clouds, it was determined rather early that the most
promising approach would be to select a demonstration area in the High Atlas Mountains.

Six major rivers drain the northwest side of the mountains and cross the semiarid agricultural zone.
These river basins contain most of the reservoirs and feed seven of the nation’s nine major
irrigation districts. Discussions with GOM personnel familiar with the country’s water supply
situation led to the choice of the drainage basin of the Oued Oum Er Rbia in the central High
Atlas Mountains as the target area for the demonstration project. This basin has a series of dams,
hydroelectric generating facilities, and irrigation projects that could effectively distribute additional
water supplies generated by cloud seeding operations. The Oued Tensift basin located in the High
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Atlas southwest of the target area was selected as the control area for the project. Figure 2.2
shows a map of central Morocco with the target and control areas and the principal field site
locations.

The primary target area was that portion of the Oued Oum Er Rbia drainage basin northwest of
the High Atlas Divide containing the headwaters of streams that flow into three principal reservoirs:
Bin El Ouidane, Ait Chouarit (Hassan I Dam), and Moulay Youssef. For the purpose of
Programme Al Ghait, the High Atlas Divide within the target area was defined by a line running
from southwest to northeast (235 to 055°) at a perpendicular distance of 150 kilometers from the
project radar site, which was set at Khouribga. The target area, extending from 31.25 to 32.50° N.
and from 525 to 7.25° W., formed a rectangle 220 kilometers long by 65 kilometers wide
(14 300 km® in area) northwest of the crest. Figure 2.3 shows a cross section of the mountains in

the primary target area along a line perpendicular from the project radar at Khouribga to the crest
of the High Atlas.

The target and control areas both have long periods of streamflow records, permitting a statistical
target-control evaluation of seeding effects. Since the primary evaluation of Programme Al Ghait
is through the application of statistical techniques capable of detecting changes in streamflow into
Bin El Ouidane reservoir, cloud seeding operations have been concentrated on the northeastern
two-thirds of the High Atlas target area that drains into this reservoir.

2.3 Physical Basis of Project

2.3.1 Seeding hypothesis. - Initial analyses of the thermodynamic structure of winter storms
in Morocco indicated that ice phase seeding of clouds containing supercooled water for
microphysical effects, the so-called static seeding hypothesis, should be the physical basis for the
demonstration project. This hypothesis holds that introduction of artificial ice nuclei can lead to
the formation of additional snowflakes in clouds. It is called the static seeding hypothesis to
contrast it with hypotheses involving changes in the dynamics of the cloud systems.

"According to the static seeding hypothesis a cloud is postulated to be seedable [WMO,
1982] if it contains supercooled water that is or will be under-utilized by the cloud’s
natural precipitation process, that will not be eroded by competitive depletion processes
and that will last long enough in sufficient quantities to permit growth of additional
precipitation particles induced by seeding to sizes that can reach the ground. If the
amount and persistence of supercooled water in a cloud is high, then the depletion rate
of water associated with natural precipitation development, cloud ice evolution, and
entrainment is likely to be low, and the opportunity for seeding tends to be high. The
coexistence of ice in the cloud is only a deterrent to seeding if it exists in sizes and
concentrations which cause the supercooled water to be depleted faster than seeding can
exploit it" (Silverman, 1980).

2.3.2 Seedability of clouds in Morocco. - Clouds are seedable under the static seeding
hypothesis if they contain supercooled liquid water that can be converted to precipitation with ice
nucleants. Because very little was known of the winter clouds over the target area at the beginning
of Programme Al Ghait, the defining of clouds suitable for seeding has been an evolving process.
It was expected originally that the clouds to be treated would be mainly stratiform, orographic
clouds. Previous work in California and elsewhere had suggested that orographic clouds with top
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temperatures colder than -20 °C would contain enough ice crystals to use effectively any
supercooled liquid water that might be present. Since the effectiveness of artificial ice nucleants
increases markedly as the temperature falls below the threshold of activity around -5 °C, it was
initially anticipated that most seeding operations would involve supercooled, stable orographic
clouds with cloud top temperatures in the -5 to -20 °C range.

Evaluation of the precipitation events during the first field season (1984-85) showed that they were
usually associated with synoptic scale storms and that the cloud types changed as the storm fronts
moved across the target area. Bands of convective clouds were observed frequently.

As a part of Al Ghait, the University of North Dakota (UND) Citation II research aircraft was
operated in Morocco in 1985. Preliminary examination of the cloud physics data collected by the
UND aircraft indicated that most of the clouds sampled were convective. The typical supercooled
liquid water concentrations were between 0.3 and 0.5 g/m’, but concentrations up to 3 g/m’ were
observed in small regions. Many of the convective clouds that were sampled developed frozen
precipitation particles. However, at least two of the water-rich clouds that were studied intensively
failed to develop appreciable amounts of ice at -12 °C. Some of the supercooled clouds produced
small ice particles, but not solid precipitation, at the sampling level. These preliminary observations
indicated seedability for some clouds over the target area (Grainger and Stith, 1987).

2.3.3 Criteria for selection. - A distinction was made between orographic, mainly stratiform
clouds and semi-isolated convective clouds in establishing criteria for clouds to be seeded (Hartzell

et al,, 1986). The criteria adopted that year, based on cloud top temperature (CTT) and cloud
thickness, were: '

o For stable orographic or layer clouds with only weak embedded convection:
-5 °C > CTT > -20 °C and cloud thickness over 1 kilometer.

e  For convective clouds:
-10 °C > CTT > -25 °C and cloud thickness over 2 kilometers.

The reasons for establishing different criteria were as follows. Although Agl particles are not very
active as ice nuclei at temperatures around -5 °C and diffusional growth is slow, seeding clouds
with top temperatures near -5 °C is practical if the clouds last long enough for precipitation to
develop. This might be the case for orographic clouds more than 1 kilometer thick, but not for
convective clouds, whose lifetimes are often as short as 10 or 15 minutes. Likewise, convective
clouds less than 2 kilometers thick probably would not last long enough to develop precipitation.
Stable layer clouds (possibly with weak embedded convection) with top temperatures colder than
-20 °C and convective clouds with top temperatures colder than -25 °C usually contain enough
natural ice to use effectively the available liquid water (Grant and Elliott, 1974; Gagin, 1981).

2.3.4 Seeding agent. - The team of American scientists who made the 1983 assessment for the
Kingdom of Morocco suggested that because Agl was the most tested and proven agent available
for seeding winter storms, it should be used exclusively for the demonstration project. A provision
in the Project Grant Agreement made GOM responsible for the purchase of the seeding agent;
they agreed to use Agl exclusively for Programme Al Ghait.
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Silver iodide can be produced from a wide variety of generating devices. Liquid-fueled generators
have proven cost effective and reliable on many projects and therefore were recommended by
Reclamation for the demonstration project. The seeding agent recommended was a 2Agl-Nal
(silver iodide - sodium iodide) solution in acetone. This seeding agent has been used for over
30 years in almost all countries engaged in precipitation augmentation activities. Experience has
shown that the 2AglI-Nal solution is relatively easy to handle and produces few operational
problems. However, the primary reason that 2Agl-Nal was recommended, rather than another
Agl solution, was to minimize the uncertainties in the nucleation stage of the seeding process.
Nuclei produced from it nucleate ice by the condensation-freezing mechanism at a rapid rate that
is independent of liquid water concentration, which was a relatively unknown quantity in Moroccan
clouds. Moreover, if supersaturated conditions are encountered, as might be the case in the
orographically ascending air and the embedded convection, the nucleation rate might be even
faster.

Various strengths of Agl solutions have been used on precipitation augmentation projects around
the world. The seeding agent used during the 1984-85 and 1985-86 field seasons was an Agl-AgCl
(silver iodide - silver chloride) solution containing 4 percent by weight of Agl. This solution caused
some technical problems to the Lohse airborne generators, including nozzle obstruction. To avoid
those critical problems and to minimize the uncertainties in the nucleation stage of the seeding
strategy, Reclamation recommended that a solution of 2AglI-Nal (silver iodide - sodium iodide)
containing 2 percent by weight of Agl be used in the following field seasons. This recommendation
was adopted. A seeding rate of about 200 g Agl per hour per Lohse generator was set; this was
achieved by a burn rate of about 11 liters of solution per hour.

Reclamation’s recommendation that a 2-percent rather than a 4-percent solution be used was
based on the high probability that burning the stronger solution would not substantially change the
number of nuclei obtained; rather, coagulation would result in the production of larger nuclei
(Dennis, 1980). As the nucleation rate of 2AgI-Nal is independent of particle size, the only
advantage of a 4-percent solution would be the very slight increase in nuclei output, which was
judged not to be cost effective.

2.4 Scientific Operations Plan

Cloud seeding operations were conducted by the DMN’s Division of Research in Casablanca. The
project’s operations team consisted of more than 50 trained meteorologists, meteorological
technicians, and electronics technicians located from Casablanca to Khouribga, Beni Mellal, and
Azilal. The operations team was assisted by a scientific team of six meteorologists located in the
project’s analysis center in Casablanca. FRA pilots and technicians for the seeding aircraft were
stationed with the aircraft at bases near Meknes and Kenitra. The on-duty operations director
guided aircraft and ground-based seeding operations using data from a 5-centimeter weather radar
at Khouribga, an upper air sounding system at Beni Mellal, a satellite downlink at Casablanca, and
near real-time meteorological and visual observations from the project area. A detailed operations
plan outlined the specific decisionmaking criteria (including suspension criteria) and operational
procedures for all aspects of the project from the declaration of project status to opportunity
recognition, conduct of cloud seeding operations, instrumented aircraft cloud physics research
flights, and data collection (Hartzell et al., 1986).
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2.4.1 Decision procedure for seeding operations. - Each Programme Al Ghait field season
for cloud seeding operations began on November 1 and continued through April 30. During this
6-month period, routine operations were scheduled, unless otherwise suspended, for 24 hours a
day, 7 days a week. Each day’s cloud seeding activities were determined by following the "Daily
Operational Decision Procedure" shown in figure 2.4. Four key categories had to be evaluated
favorably before seeding operations were initiated: (a) the weather forecast stated that there was
a potential for suitable clouds over the target area, (b) project equipment needed to conduct
seeding activities was operational, (c) project personnel were available to operate the equipment
and monitor the seeding, and (d) suspension criteria did not require the temporary suspension of
seeding activities. Checklists were used to evaluate and document the daily status of each of these
key categories. This decision procedure is described in detail in the Operations Plan for Programme
Al Ghait, which was first written during the 1984-85 season and then updated yearly.

Each day at 0900 local time, a joint briefing via radio was held between the Operations Control
Center at Khouribga and the Operations Support Center in Casablanca. After reviewing the status
of equipment, personnel, and suspension criteria, detailed presentations were made of the synoptic
and mesoscale weather situations. The project coordinator then presented the 24-hour forecast
for the target area and the decision on project status, which was normally a decision he made
jointly with the on-duty operations director. This information was then immediately relayed via
Telex to operations personnel located at Beni Mellal, Azilal, Meknes, and Kenitra. The four
project status categories are defined below:

o Stand down: No operations expected during the next 24 hours.
e  Available standby: Operations expected in 2 to 24 hours.

e Ready standby: Operations expected in less than 2 hours.
(Exception - Pilots of project aircraft required a minimum of 6 hours’ advance notice for
aircraft operations.)

e  Operations: Seeding operations requested or in progress.

2.4.2 Seeding opportunity forecasting and nowcasting. - Weather forecasting was needed
to support operational decisionmaking for Programme Al Ghait. Of primary importance was the
forecasting of clouds that would provide a potential for seeding operations. The forecast was used
to place project personnel in either "available standby" or "stand down" status. It was highly
desirable to declare the "available standby” status 24 hours in advance of when potential seeding
operations were anticipated; a minimum of 6 hours’ notice was required for project aircraft
operations.

In order to initiate or terminate actual seeding operations effectively, the forecasters had to
continue watching the weather after the day’s forecast had been issued. They were practicing
"nowcasting," which is the term applied to forecasting weather conditions expected to exist within
the next 2 hours. The information required for nowcasting was obtained by monitoring real-time
satellite, radar, mountain weather, and pilot observations for the project area.

Since the success of cloud seeding to enhance precipitation depends on many factors, such as the
presence of supercooled liquid water, the concentration of natural ice crystals, stability, nucleating
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agents, dispersal methods, transport and dispersion of seeding material, and time available in-cloud

for diffusional growth of ice nuclei, and since Programme Al Ghait did not have available '
ground-based instrumentation to make measurements of supercooled liquid water and ice, the

selection of seeding opportunities was almost always based on traditional forecasts. Most of the

time, the assumption was made that seeding potential existed whenever the first four of the

following conditions were observed:

1. Cloud base height was less than 3000 meters m.s.1, which was the mean altitude of the
High Atlas crest in the target area. (If estimated from rawinsonde data, cloud base height
was defined as the level where the temperature-dew point spread was less than 3 °C.)

2. Cloud depth was greater than 1000 meters for stable orographic clouds or layer clouds
with only weak embedded convection, but greater than 2000 meters for semi-isolated cumulus
congestus. (If estimated from rawinsonde data, "cloud" was defined as the layers where the
relative humidity with respect to water was 85 percent or greater.)

3. Cloud top temperature (from aircraft, satellite, and/or rawinsonde data) appeared to be
suitable for seeding (generally between -5 and -20 °C, but between -10 and -25 °C for semi-
isolated cumulus congestus).

4.  Airflow below the 700-hPa level (approximately 3000 m) was suitable for targeting seeding
material upslope into the barrier (between 220 and 360°).

Other conditions considered favorable but not necessary included:

5. Rawinsonde data from Beni Mellal and/or Tissa indicated potential instability (defined
as regions where the equivalent potential temperature, Theta E, decreased with height).

6. Radar echoes from precipitation were existing in or moving toward the target area.

7. Real-time visual observations from mountain sites indicated the occurrence of
precipitation and suitable clouds.

8. Satellite images indicated significant cloud cover over or moving into the target area.

9. Rawinsonde data from Beni Mellal and/or Tissa indicated significant supercooled liquid
water available for precipitation.

2.4.3 Seeding techniques and operations. - Cloud base height and temperature profile
changed from storm to storm depending on the origin of the storm, or during the same storm
according to its stage of evolution. The appropriate delivery technique was selected in view of
each mesoscale situation. Warm surface temperatures associated with high cloud bases (greater
than 1000 m above ground level), trapping temperature inversions, and non-upslope low-level
airflow sometimes precluded ground seeding. However, even under these conditions, airborne
acetone generators and/or droppable pyrotechnic flares could be employed. At times, ground-based
and airborne seeding operations were conducted simultaneously.
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Beginning with the 1987-88 field season, a primary input to the selection of the seeding aircraft
flight path and the ground-based generators used for operational seeding was the latest analysis
from the ATLAS targeting model (sec. 8.2), which incorporated rawinsonde data from Beni Mellal
and Tissa, when available. = The model was empirical and two-dimensional and involved
assumptions about airflow, ice nucleation, particle growth, and fall speed. The two dimensions
were distance transverse to the mountain barrier and height; variations in the flow field along the
barrier were assumed to be negligible. This model was adapted from the diagnostic targeting
model that had been developed and used on Reclamation’s Sierra Cooperative Pilot Project
(SCPP). Adaptation of the model for use in Morocco is discussed in section 2.6.4.

2.4.3.1 Aircraft seeding operations. - At the inception of the project in 1984, the primary
strategy was to use OV-10 Bronco-type aircraft for daytime seeding in VFR conditions beneath
cloud bases upwind of the target area. With the assignment of two King Air 100 aircraft to the
project in 1986 to replace the OV-10 aircraft, it became possible to release Agl nuclei directly into

clouds in the desired temperature range of -5 to -12 °C. (The preferred seeding level was at
-10 °C).

During the 1984-85 and 1985-86 field seasons, the OV-10’s performed seeding operations by flying
back and forth along fixed tracks (patrol seeding) about 10 kilometers upwind of the first ridge
crest (Middle Atlas range). Many technical problems such as burner malfunctions, aircraft engine
problems, Identification Friend or Foe (IFF)/transponder problems, low cloud bases, icing, severe
convective weather, and strong winds were major causes of lost seeding opportunities. In addition,
the seeding with OV-10 aircraft was restricted to daylight hours.

Beginning in the 1986-87 field season, the higher performance and well-instrumented King Air 100
aircraft flew various and more flexible tracks, including seeding under IFR and icing conditions.
Nevertheless, airborne seeding operations continued to be limited to daylight hours. Moreover, the
installation of the cloud physics data system on one of the King Air 100 seeding aircraft during the
same field season further limited the availability of aircraft for seeding missions. Fortunately, the
introduction of ground-based seeding generators at that time made the operations less dependent

on the seeding aircraft. Figure 2.5 shows the King Air aircraft with the cloud physics data
collection system and the Lohse seeding generators.

During convective band passages and when convective clouds were somewhat isolated, which was
nearly always the case in springtime, cloud top seeding was performed by an Alpha Jet dropping
flares into the updraft region of developing cells (one or two 20-g Agl pyrotechnic cartridges per
updraft region). The nominal flight level generally assigned for the Alpha Jet was 4000 to
4600 meters (13,000 to 15,000 ft) m.s.l., which satisfied terrain clearance requirements (900 m
above highest mountain peak in the vicinity) and also provided for seeding clouds with tops rising
through the temperature range of -10 to -15 °C.

2.43.2 Ground-based seeding operations. - The transport and dispersion of particulate
plumes in rough terrain are complex and not well known, but are a fundamental consideration in
siting ground-based Agl generators. The requirements include achieving nuclei transport to cloud
base, good targeting, and appropriate ice crystal concentrations. Microscale circulations, such as
slope and valley wind systems, make good targeting extremely difficult. Low-level wind
measurements were taken by pilot balloons (pibals) from several potential generator sites during
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storms in order to assist in targeting. In addition, boundary layer inversions can inhibit vertical
turbulent transport of the seeding plume, although this tendency is offset in many storms by
decreased atmosphere stability.

During the beginning of the third field season (1986-87), seven 150-liter-capacity ground-based
generators were installed in an arc within the target area at the sites determined as being
technically and logistically feasible (fig. 2.2); these sites were approximately 10 kilometers apart.
Three additional generators of the same type were available for installation at other sites; however,
these generators were held by the GOM as backups for the seven that were routinely used for
seeding operations. Reclamation repeatedly recommended that these three backup generators be
installed at sites already selected in order to increase the area and magnitude of the seeding effect
within the target basin.

Beginning in January 1987, ground-based seeding operations were conducted whenever suitable
clouds were forecast to exist over the target area for longer than 3 hours, there was no capping
temperature inversion, and low-level wind conditions would carry the ground-released Agl upslope,
allowing the nuclei to enter the clouds and rise above the -5 °C level over the target area. The
selection of which generators to operate was primarily based on the targeting wind direction. The
ATLAS targeting model (sec. 8.2) proved to be very useful by showing the estimated plume from
each generator site, the points of nucleation, and the areal coverage of seeding impact on the
ground. Once a generator was turned on, it was left on for a minimum of 3 hours. Figure 2.6
shows the mountain field site at Tissa where a ground seeding generator is located with the
rawinsonde and automatic mountain observation system.

The chemical solution used for ground-based seeding was a silver iodide-sodium iodide (2AgI-Nal)
solution containing 2 percent of Agl by weight. Some of its properties have been discussed already
in connection with its use in airborne generators. Studies at Colorado State University established
that hygroscopic condensation-freezing nucleant aerosols such as the 2AglI-Nal will survive passage
through warm cloud and function to produce ice crystals when the nucleating temperature level is
reached (DeMott et al., 1985). This information was relevant for ground-based seeding in Morocco.
The flow rate on the generators was set to produce a seeding rate of about 20 grams of Agl per
hour per generator.

2.4.4 Cloud physics aircraft operations. - An integral part of Programme Al Ghait was the
scientific analysis and evaluation of cloud physics data for the determination of seedability
(sec. 8.1). Cloud physics data for this purpose were collected by the UND research aircraft during
two separate periods in 1985: January 23-April 30 and September 24-December 15 (Grainger and
Stith, 1987). Most of the data were collected upwind of and over the target area in the Oum Er
Rbia River basin. However, some data were collected over the Tensift River basin (control area
southwest of the target area) and over other regions, such as the Sebou and Sous River basins.
The data collected by the UND aircraft contributed greatly to verifying the assumptions used in
forecasting or nowcasting the seeding potential (sec. 2.4.2) and improving personnel experience,
thus maximizing seeding effectiveness.

In February 1987, one of the FRA King Air 100 seeding aircraft was instrumented with a basic
instrumentation package and data acquisition system. (See section 8.1 for a description of the
instrumentation.) The availability of this instrumented Moroccan King Air during March-April
1987 and two following field seasons (1987-88 and 1988-89) for cloud physics data collection
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provided the project with a very important data set. Due to the lack of previous cloud physics data
over Morocco, representative samples were collected from all cloud types that appeared to have any
possibility of seeding potential.

2.4.5 Operational use of meteorological surveillance equipment. - Under the Project Grant
Agreement, the USG furnished GOM various equipment needed for conducting and evaluating the
project, excluding Agl nuclei generators. (These equipment items are listed and described in
section 4.6.) Three of the U.S.-furnished equipment items provided input data for real-time
decisionmaking for cloud seeding operations; these were the rawinsonde, radar, and satellite
systems. The operational uses of these three systems for meteorological surveillance of the project
area are discussed in the following sections.

2.4.5.1 Rawinsonde operations. - Project rawinsonde (upper air observations of wind,
temperature, humidity, and pressure) operations were conducted daily at the DMN’s weather
station near Beni Mellal. Reclamation provided two Weather Measure 8020 Series rawinsonde
tracking stations (one was a refurbished Reclamation system); these were both initially installed at
Beni Mellal. The second system provided backup in case of equipment malfunction to ensure that
near real-time upper air observations were available for project use. Figure 2.7 shows the
rawinsonde system in Beni Mellal with the front range of the High Atlas Mountains of the target
area to the south.

During the 6-month winter field season, upper air observations were made routinely twice daily at
the standard synoptic times of 0000 and 1200 CUT (Coordinated Universal Time). When
requested in advance by the operations director, special 0600 CUT and/or 1800 CUT soundings
supplemented the synoptic data during periods when the project was on standby or during cloud
seeding operations to provide the most current information for decisionmaking. After the sounding
data had been processed in Beni Mellal, they were telexed to project sites at Casablanca and
Khouribga for further analysis. The use of these data in the ATLAS targeting model (sec. 8.2)
provided a primary input to the selection of the seeding aircraft flight path and the ground-based
generators used for seeding.

In the spring of 1988, the backup rawinsonde system was moved to Tissa (near Azilal) so that
comparisons could be made of some simultaneous soundings made from the two sites during
seeding operations. The dual soundings were also used to test an option in the ATLAS targeting
model that used data from two soundings instead of one. The two-sounding option was expected
to improve the accuracy of the model’s predictions.

2.4.5.2 Radar operations. - The radar set that Reclamation procured for project use was the
first weather radar set ever installed in Morocco. The system selected was an Enterprise
Electronics WR100-2/77 C-band set. The radar wavelength was 5.4 centimeters. It was equipped
with an antenna 2.4 meters in diameter, which provided a nominal beam width of 1.6°. Its primary
purposes were the direction of airborne seeding and cloud physics aircraft operations and the
observation of severe weather that might endanger aircraft. For this reason an IFF system was
included in the radar system. Detailed specifications for the radar are discussed in section 4.6.2.

Figure 2.8 shows the weather radar at Khouribga with the VHF radio antenna for air-to-ground

communications and the radar console with its microprocessor computers for data analysis and
archival.
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Both plan position indicator (PPI) and range-height indicator (RHI) displays were provided at the
radar set. Microprocessors for recording both IFF and radar reflectivity data were integrated into
the radar. A radar remote scope showing the PPI display was installed in the project coordination
center in Casablanca.

The radar system was used operationally for the following purposes:

e  For surveillance of the project area (operated 24 hours a day) for weather situations
indicating conditions suitable for cloud seeding operations.

e To track project aircraft during seeding operations and during cloud physics data
collection flights.

e To watch for the development of severe weather that would require the temporary
suspension of seeding operations.

e  For the collection of radar (PPI and RHI) and IFF data to be used in the postanalyses
of seeding operations and cloud physics data collection flights.

The Operations Plan called for the on-duty operations director to be at the radar during all project
aircraft operations. His duties included directing the seeding operations in real-time and watching
for indications of severe weather echoes that would be hazardous for the aircraft.

2.4.5.3 Satellite downlink station operations. - A National Oceanic and Atmospheric
Administration (NOAA) secondary satellite downlink station with a color enhancement
microprocessor system and a laserfax unit for hard copies of satellite images was installed in the
project’s operations support center in Casablanca. Figure 2.9 shows the satellite ground station
in Casablanca with the C-1000 microprocessor and laserfax satellite image processor. Satellite
imagery was collected routinely every half hour from METEOSAT (the European Space Agency’s
meteorological satellite). In addition, satellite imagery was collected occasionally from NOAA
polar orbiting satellites during their optimum orbits for Morocco. These data were evaluated in
real-time to determine the types of clouds, approximate cloud top temperature, areal coverage of
the clouds, and cloud movement relevant to the project’s target area.

The color-enhanced digital satellite data provided only ranges of cloud top temperature; for
example, light blue indicated -5 to -15 °C and green indicated -15 to -25 °C. However, even these
approximate temperature values aided the operations director in the real-time assessment of clouds
for potential seedability.

2.4.6 Data management. - The Reclamation experts involved in Programme Al Ghait considered
the establishment of a viable data management plan as a basic need for the project. The
Reclamation team believed that the organization of data collection and archiving would have great
impacts on the long-term development of weather modification capabilities in Morocco. They
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recommended that GOM assign a trained meteorologist to the position of data manager on a full-
time basis. Reclamation also recommended that the data management plan finally adopted should
cover the following topics:

e Data sources

Data collection
Data documentation
Data quality control
Data inventory
Data archival

Data accessibility

e Data software

The requirements and approaches recommended for these eight components to the data
management plan were stated in the Evolving Work Plan for the Joint Scientific Evaluation Project
Within Programme Al Ghait (Bureau of Reclamation, 1987). Guidelines on data management were
also included in the Operations Plan for Programme Al Ghait (Hartzell et al., 1986).

2.4.7 Operational efficiency. - It was planned that calculations would be made to determine the
operational efficiency. Dividing the actual number of airborne and/or ground-based seeding hours
by the number of hours with favorable seeding conditions and multiplying this ratio by 100 would
give an "operational efficiency" in percent.

Because the project was designed as an operational demonstration program and not as a research
program, sophisticated equipment was not available to provide continuous measurements for the
determination of seedability. Section 2.4.2 lists the meteorological parameters used to forecast or
nowcast seedable conditions. However, the evaluation of these parameters was somewhat subjective

and depended upon the experience of the meteorologist filling the position of on-duty operations
director.

It was soon realized that accurate calculations of operational efficiency would be impossible because
the data did not exist for continuous determinations of seedability. Therefore, the decision was
made to use a simple, objective approach for obtaining estimates of when seedable conditions
existed over the target area. This approach was to assume that seedable conditions existed
whenever the project radar at Khouribga observed echoes from precipitation over the target area,
the color-enhanced satellite data, rawinsonde, or aircraft observations indicated cloud top
temperatures were in the -5 to -25 °C range, and the airflow below the 700-hPa level on the latest
Beni Mellal sounding was in the 220 to 360° range. It was realized that the radar might not be able
to detect some clouds suitable for seeding, either because they were not yet precipitating or because
the precipitation was below the detectable limits for the range and beam width involved. This was
especially true with snowfall, which produces less intense radar echoes than rainfall at the
corresponding precipitation rate. It was also realized that some of the clouds detected by the radar
probably were not suitable for seeding.

2.5 Statistical Design

A sound statistical design was crucial to the assessment of Programme Al Ghait, both at the end
of the original 5-year project and for continuing assessments of seeding efforts beyond 1989. The
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severe drought of the early 1980’s forced Al Ghait into an operational-type demonstration project,
where all storms that appeared suitable for seeding were actually seeded. Seeding all suitable
storms limited the statistical design choices to target-only or target-control, with historical data
supplying the nontreated sample required for purposes of comparison. The project plan called for
a design having a basic foundation consisting of a target-control statistical analysis using streamflow
data from the target area and the adjacent upwind Tensift basin control area (sec. 2.2.1). The
design was done jointly by an expert at Colorado State University and a Reclamation
meteorologist/statistician (Mielke and Medina, 1987). The implementation of this design is
discussed in chapter 9.

2.5.1 Design for evaluation of seeding effects on streamflow. - Historical, daily streamflow
data were available commencing in 1962 from both the target and the proposed control areas. No
historical precipitation data were available for high elevation sites within the target or the control
areas. Therefore, a target-control design with streamflow as the primary response variable was
selected. Evaluation was to be performed with time units that led to reliable results in the shortest
demonstration period.

Hydrographs for the target and control streamflow indicated that the primary runoff period was
November through June, while the spring melt from high elevations started in March and decreased
to a base flow in July. Fast streamflow response observed with some storms suggested that monthly
analyses might be productive. It was found that for the historical data set available, the monthly
and seasonal streamflows in the Tensift control area were well correlated with streamflows in the
Bin El Ouidane watershed (linear correlation exceeded 0.8). The statistical techniques least-
absolute-deviations (LAD) regression and multi-response permutation procedures (MRPP), as
described by Mielke and Medina (1987) and Mielke et al. (1982), were selected for the evaluation.

Computer simulations were carried out on the historical data to determine the number of years the
project would have to run, under various scenarios, to produce a statistically meaningful result.
Each simulation assumed some fixed increase in target streamflow due to seeding and some
specified significance level to be met or exceeded before an effect would be judged as not likely to
have occurred by chance.

Estimated project duration values were obtained for assumed 10 and 15 percent increases from
seeding under a variety of assumptions regarding required significance levels and probability of
detection of an effect (Mielke and Medina, 1987). For example, the simulation studies indicated
that applying a 10-percent increase to target quantities randomly selected from the historical data
set suggested that the project would have to operate for 6 years to provide a 50-percent probability
of detecting the increase at a significance level of 0.1. Complete results are given in chapter 9.

The analyses by Mielke and Medina assumed that all seedable storms were seeded. Nontreatment
or low treatment efficiency of some storms would lengthen the period required to achieve
statistically meaningful results.

Application of LAD and MRPP generates estimates of P-values (probability that differences in the
data samples could have occurred by chance), but not estimates of the seeding effects on
streamflow. Estimates of cloud seeding effects will be obtained by use of double ratios. The
double ratio, DR, is defined as
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Ts/Th

DR =
Cs / Ch
where:
T, = the mean target streamflow for the seeded period
T, = the mean target streamflow for the historical period
C, = the mean control streamflow for the seeded period
C, = the mean control streamflow for the historical period

The procedure is applicable with any selected time units provided that, once selected, they are
employed throughout the project.

2.5.2 Adaptation of the Rhea orographic precipitation model. - Rhea (1978) developed a
two-dimensional, steady-state, multi-layer model to diagnose the effects of topography on winter
precipitation in western Colorado. The model used rawinsonde data and a fine mesh topographic
grid. Reclamation believed that the Rhea model could be useful to Programme Al Ghait, both as
a forecast tool and as a covariate with streamflow to be used in the statistical evaluation. If useful
as a covariate, model-predicted values could be added to the statistical evaluation to shorten the
time period required to obtain statistically meaningful resuits.

The task of adapting the Rhea model to Morocco was undertaken as a thesis topic by a Moroccan
student, Mr. Ali El Majdoub, working on his M.S. degree in Meteorology at the South Dakota
School of Mines and Technology (El Majdoub, 1989). Mr. El Majdoub focused on adapting the
model so that it could be used with the latest rawinsonde data from Beni Mellal to forecast target
precipitation. Because his work was not completed until April 1989, it has not been possible to test
this model operationally on a daily basis, but monthly and seasonal sums are obtainable.

The model output parameter planned for use as a covariate for the statistical evaluation was target
cumulative volume of precipitation for the November-April period. Model-predicted volume of
precipitation, integrated over the target, was to be compared with actual seasonal (November-July)

streamflow using least squares multiple regression. This analysis work and results are discussed
in section 8.3.

2.6 Physical Evaluation Plan

2.6.1 Background. - The development and implementation of a scientific evaluation plan were
considered to be essential for the success of Programme Al Ghait. However, because early efforts
were concentrated on the installation of equipment and the implementation of cloud seeding
operations, little attention was given to the scientific evaluation effort until late 1986. In December
19806, the decision was made to perform the scientific evaluation of Programme Al Ghait within
Reclamation instead of through a subcontractor. Although one reason for this decision was to
conserve project funds, it was judged that Reclamation staff were fully capable of accomplishing
the evaluation. Furthermore, performing the work within Reclamation provided more flexibility
in the preparation and execution of the evaluation plan.
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A work plan for the scientific evaluation of Programme Al Ghait was drafted during January-
February 1987. 1In March 1987, Dr. Arnett Dennis presented this draft plan to the PSC in
Morocco. He learned that the GOM had assigned five recently trained M.S.-level meteorologists
to the project. Three more Moroccan meteorologists were in long-term training working toward
M.S. degrees in Meteorology in the United States and would be returning to the project. The
GOM designated these eight individuals as the Moroccan Scientific Analysis and Evaluation Team
(SAET) to participate in the project evaluation.

As a result of agreements reached during the third Annual Monitoring Review by Lintner and
Silverman in April 1987, the scientific evaluation of Programme Al Ghait became a joint,
collaborative effort between GOM and Reclamation. (Details on the collaboration are in
chapter 6.)

In June 1987, Reclamation completed an Evolving Work Plan for the Joint Scientific Evaluation
Project Within Programme Al Ghait. The data management and statistical evaluation tasks that were
included in this plan have been discussed in sections 2.4.6 and 2.5, respectively. The following
sections describe the physical studies that were planned to be accomplished jointly by GOM and
Reclamation scientists.

2.6.2 Cloud physics and seedability study. - Programme Al Ghait was based on the
assumption that supercooled liquid water is present in some clouds over Morocco and that the
supercooled liquid water provides a source for additional precipitation to be released through
seeding with ice-forming Agl nuclei. Therefore, the determination of seedability was pursued
primarily on the basis of aircraft observations of the availability and persistence of supercooled
liquid water regions. The study plan was that data from both the UND research aircraft and an
instrumented Moroccan King Air 100 aircraft would be analyzed.

Generally, the analyses were to follow approaches formulated in the World Meteorological
Organization’s Precipitation Enhancement Project (PEP). In particular, the concept of regions of
potential (ROP) as discussed by WMO (1982) was to form the basis for the analysis of cloud
physics aircraft data. The following steps were envisioned for the ROP analyses:

1. A stratification by cloud type would be established using objective discriminators to the
maximum extent possible. The PEP experienced a rapid progression of cyclonic systems
producing a great variety of clouds. Similar cyclonic systems were expected to pass over the
Programme Al Ghait target area; however, it would be necessary to take account of the
orographic forcing over the Atlas Mountains.

2. Statistical summaries of the UND aircraft data were to be prepared along the lines used
in the PEP. The prospects of beneficial cloud seeding for each cloud class defined in step 1
above would give a preliminary assessment based on these statistics.

3. The implementation of the ROP analysis would proceed by identifying candidate regions
on the basis of observations of supercooled liquid water by the aircraft and by estimating the
persistence of the liquid water on the basis of the aircraft observations or the character of the
clouds. Basing the recognition of ROP on aircraft observations, the PEP defined the
requirements in practical terms as:
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a. The cloud temperature must be colder than -4 °C.

b.  The average liquid water content must be greater than 0.1 g/m? for regions greater
than 10 kilometers in horizontal extent, or greater than 0.3 g/m’ for regions of smaller
horizontal extent.

c. The characteristics stated in item b above must persist for periods longer than
10 minutes.

d. Cloud depth must be greater than 1 kilometer.

Chapter 8 discusses the work accomplished and findings for the Joint Scientific Evaluation Project
(JSEP).

2.6.3 Radar echo study. - The radar set was obtained and located to be used primarily as a
tool for conducting cloud seeding operations and providing coverage of central Morocco for use by
the DMN (sec. 2.4.52). The display and analysis software for radar and IFF track data were
prepared under subcontract by Colorado International Corporation (CIC). This software was
written for the Z-80-based microprocessors used with the integrated radar system. The diskettes
from the Z-80 microprocessors are 8 inches in diameter and not directly compatible with the IBM
PC/AT microcomputers subsequently purchased by Reclamation for data management and analysis
purposes. To solve the floppy disk incompatibility, interface hardware and software were purchased
to transfer the data from the 8-inch diskettes to smaller 5.25-inch diskettes used in the IBM
microcomputers.  This hardware, combined with computer subroutines for the IBM
microcomputers, permitted access to radar and IFF data on the IBM systems located in the analysis
center. These subroutines unpacked, calibrated, and returned an array with data in engineering
units to the application program calling them.

None of the CIC applications programs for analyzing and displaying the data were converted for
use on the IBM microcomputers. However, applications programs for the IBM microcomputers
that displayed the radar and IFF data were desirable. Development of such applications programs
was planned under the JSEP.

The objectives for the radar study were to help in understanding the Moroccan precipitation
processes and in recognizing seeding opportunities. Achieving these objectives required
investigation of the relationships between the cloud microphysical data and radar echo patterns.
Section 8.4 discusses the findings of this study.

2.6.4 Airflow targeting models. - Accurate targeting of seeding materials was important for
maximizing the effectiveness of the project seeding operations. A substantial effort was made on
Reclamation’s SCPP in the Sierra Nevada of California to develop a model which could be used
operationally to target seeding effects of both airborne and ground-based generators. The basic
scheme employed in the SCPP targeting model was developed early in the SCPP program (Elliott,
1981); subsequently, the flow parameterizations were developed considerably (Elliott and Rhea,
1984; Rhea and Elliott, 1986). One of the Moroccan meteorologists in the United States for long-
term training, Mr. El Bachir Loukah, adapted a version of this model that used only one
rawinsonde to the High Atlas target area as his M.S. thesis project (Loukah, 1986).
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SCPP scientists continued to work on the SCPP targeting model during 1986 and 1987 to improve
its accuracy and, therefore, its usefulness. This work is summarized in the final report from
Electronics Techniques, Inc., on SCPP Meteorological and Statistical Support (Huggins et al., 1986)
and in a paper published in the Journal of Climate and Applied Meteorology (Rauber et al., 1988).
Rauber et al. concluded that a version of the model using as input rawinsonde data from two
locations (base and crest of the mountain barrier) was considerably more accurate than the one-
rawinsonde version.

Reclamation suggested that, as a part of JSEP, the first version of the Moroccan targeting model
adapted by Mr. Loukah be upgraded to include the latest changes to the SCPP model, including
the ability to use input data from two rawinsondes. This suggestion was accepted by GOM. The
improvements to the model that resulted are described by Benassi (1988) and in section 8.2.

2.6.5 Mesoscale analyses. - The term "mesoscale" was coined to describe atmospheric
phenomena too small to be detected with standard meteorological networks, but too large to be
observed entirely by one observer. Fujita (1986) set boundaries for the mesoscale at 4 to
400 kilometers. Different scales have been defined by others as mesoscale; for example, Orlanski
(1975) set the boundaries at 2 to 2000 kilometers. The decision was made that the Fujita
classification would be used on Programme Al Ghait.

Mesoscale weather systems include mesohighs accompanied by precipitation, mesolows, gust fronts,
squall lines, and convective bands within cyclones. Convective bands near the California coast
appeared to be very suitable for airborne patrol-type seeding, according to statistical analyses of
the Santa Barbara experiment (Elliott et al., 1971). Preliminary evaluations of precipitation and
radar data from the 1984-85 Morocco field season indicated that convective bands are important
precipitation-producing mesoscale systems over the Atlas Mountains. Matthews (1983) found that
mesoscale convective bands in Texas produced significant precipitation and identified an objective
means of classifying mesoscale cloud and precipitation systems. A similar approach was planned
for use in Al Ghait to determine the types of systems that contribute to precipitation and their
relative seedability.

The objective for the planned mesoscale analyses for Programme Al Ghait was to develop analysis
procedures that could be used in near real-time to forecast periods with seedable clouds. A case
study approach was planned that combined project data from all available sources for selected
precipitation events over the target area that were seeded and that had reasonably good data
bases. In particular, studies were planned to determine the frequency of occurrence and the
character of convective bands approaching and crossing the Middle and High Atlas Mountains in
order to assess the seedability of this potentially important cloud type.

2.7 Economic Evaluation Plan

The assessment of the costs of cloud seeding operations and potential benefits from additional
streamflow resulting from those operations was considered an essential part of the Winter
Snowpack Augmentation Project from its inception. It was planned that this assessment would
assist GOM in the development of strategies for the application of cloud seeding as an option in
managing the country’s water resources.
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The economic evaluation work plan, developed in 1987 by Reclamation scientists, included the
hydrologic evaluation. Since actual streamflow increases were not yet available from the statistical
evaluation, the economic evaluation was based on assumed percentage increases in streamflow.
Details of the economic evaluation are reported in chapter 10. The following sections state the
purpose and objectives for the hydrologic and economic studies.

2.7.1 Hydrologic study. - The primary purpose of the hydrologic study was to evaluate the
distribution and use patterns of additional streamflow that might be produced from the Winter
Snowpack Augmentation Project. Specifically, the objective was to determine quantitative
differences between hydrologic parameters measured under a "preproject” (natural flow) condition
versus those under a "postproject” (enhanced flow) condition. The study plan called for simulated
increases of 5 and 10 percent to be evaluated. Hydraulique’s computer model RIVER for the
Oued Oum Er Rbia basin was chosen for this study, as it already was operational at Hydraulique.
The hydrologic impacts as estimated by the model RIVER were to be used in the economic study.

2.7.2 Economic study. - The economic study was intended to provide a cost-benefit analysis
of the value of additional streamflow that might be produced as the result of cloud seeding versus
the total cost of cloud seeding operations. More specifically, the study was planned to determine
the effects of additional water on the Oued Oum Er Rbia basin’s distribution and use of water
resources for hydroelectric power generation, domestic and industrial uses, and irrigation for crop
production. The assessment of benefits from augmented precipitation was to be based, in part,
upon the hydrologic impacts estimated by the model RIVER.

The components of this study were:

e Identify and evaluate estimated economic benefits from increased water supply for
hydroelectric power generation, domestic and industrial uses, and irrigation for crop
production.

e Identify all costs related to capital investments and annual operating expenses for
Programme Al Ghait.

e  Calculate the identified estimated benefits and costs to establish estimated benefit-to-
cost ratios for Programme Al Ghait.

2.8 Application Activities Plan

The application activities plan recommended by Lintner and Silverman (1986) in their Second
Annual Monitoring Report called for two areas of activity, namely, water resources management
application studies and an annual seminar series. The overall purpose was to conduct studies and
training that would apply the findings and recommendations of the statistical, physical, and
economic evaluations to practical issues in Morocco’s water resources management.

2.8.1 Water resources management application studies. - The purpose of these studies was
to provide guidelines and procedures for the application of the findings and recommendations of
the statistical, physical, and economic evaluations to practical problems of continued cloud seeding

operations in the central High Atlas target area after the termination of the USAID project
support.
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Initial plans called for the Water Resources Management Applications Studies to be prepared by
a joint Reclamation-GOM team. These studies were to integrate the findings and
recommendations of the statistical, physical, and economic studies into practical guidance for the
planning and management of weather modification in Morocco. They were to emphasize the
conditions, places, and times that weather modification would be an economic intervention in the
target basin. They would also serve to integrate the provisions of the suspension criteria, which are
designed to avoid environmental damage from weather modification, into the decisionmaking
process.

The final design plan for these studies was to be prepared concurrently with the receipt of initial
findings of the statistical, physical, and economic evaluations. Due to the late availability of project-
related data, most of the initial findings for these evaluations were not available until the summer
of 1989; consequently, developing the final design for these studies and completing the related work
are recommended as future project activities (ch. 12).

2.8.2 Seminar series. - The purpose of the seminar series was to provide for development of
an integrated understanding of the design, implementation, and evaluation of scientifically based
programs of winter snowpack augmentation by members of the Moroccan scientific and technical
team for Programme Al Ghait. To support this stated purpose, Lintner and Silverman (1986)
recommended three annual seminars, each of 2 weeks’ duration, as part of the training plan for
technology transfer. The subject areas for these seminars were:

Seminar 1: Scientific Aspects of Weather Modification
Seminar 2: Engineering and Implementation of Cloud Seeding Strategies

Seminar 3: Decisionmaking for Precipitation Enhancement as a Water Resources
Management Technique

Seminar 1 was given under a subcontract by Dr. Gabor Vali, Theta Associates, in Casablanca

during October 1986 (ch. 6). The seminar was well received by Moroccan project and other
meteorologists.

During the Third Annual Monitoring Review (Lintner and Silverman, 1987), the Moroccan SAET
indicated that the seminar topics originally proposed for Seminar 2 were adequately covered by
Dr. Vali in Seminar 1. By mutual agreement, new topics were chosen for Seminar 2 that dealt with
the physical evaluation of seeding effects. However, GOM subsequently requested that this seminar
be canceled, as the new topics were not directly applicable to Programme Al Ghait. Reclamation
agreed with this request.

The External Evaluation Team (EET) (Changnon et al., 1987) recommended that Seminar 3 be
replaced by a conference of high-level decisionmakers in Morocco. They noted that one of the
objectives for the project was to increase awareness of the need for an improved water resources
management program in the Oued Oum Er Rbia basin and of the potential role of weather
modification in managing the water resources of the basin. This recommendation was discussed
by Lintner and Silverman at a PSC meeting during the Third Annual Monitoring Review in April
1987. It was agreed that Seminar 3 would be replaced by a Joint Summary Review during the
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summer of 1989, which would summarize the results of the project with respect to its objectives,
highlighting what was accomplished and what remains to be done. The Joint Summary Review is
currently scheduled as a 1-day meeting in Morocco in September 1989.
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Figure 2.1. - Map of northern Morocco showing principal mountain ranges and

location of the target and control areas.
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Figure 2.2. - Map of central Morocco showing the project’s field operations sites,
target and control areas, seeding generator sites, and major
observation sites for snowcourses and precipitation gauges and
rawinsondes.
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Figure 2.3. - Cross section of terrain along a line through the radar site
perpendicular to the crest of the High Atlas.
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34



Figure 2.5. - Cloud physics and seeding aircraft, a Royal Moroccan Air Force
King Air 100 (a), with cloud physics instrument system (b}, and
Lohse seeding generator (c).
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Figure 2.6. - Ground seeding generator operations center at Azilal-Tissa in the
central High Atlas Mountains, showing the seeding generator (a),
and rawinsonde weather balloon tracking system and
meteorological instruments (b).
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Figure 2.7. - Rawinsonde station at Beni Mellal showing the rawinsonde antenna
on the roof and the front range of the High Atlas Mountains in the
background.






Figure 2.8. - Radar facility at Khouribga showing the radome (a) and interior with
radar scope and microprocessing computers for data analysis and
archival (b).






Figure 2.9. - Satellite Secondary Data Users Station (SDUS) with color
enhancement system for satellite imagery processing in the
Casablanca operational coordination center.
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3. CONTRIBUTIONS BY THE GOVERNMENT OF MOROCCO

The Government of Morocco was primarily responsible for the provision of personnel and facilities
and for the execution of cloud seeding operations in the Central High Atlas Mountains. The GOM
officials in the FRA and DMN provided direction and management of the project and conducted
scientific studies in cloud physics, radar, satellite, and numerical modeling. A comprehensive review
of the GOM efforts is presented in their final project report (Programme Al Ghait, 1989). This
chapter provides a summary of the major contributions of the GOM.

3.1 Financial Contributions

The originally planned GOM commitment called for a total of $6,410,000 for Programme Al Ghait.
Of this amount, the DMN was to contribute about $3,800,000, the FRA about $2,500,000, and
Royal Air Maroc about $40,000. Estimates of actual contributions in funds, resources, and services
are given in table 3.1.

Table 3.1. - Programme Al Ghait - Total Government of Morocco costs.*

DH $
(dirhams) (dollars)
1. Staff salaries
DMN 17,037,000 2,129,625.00
FRA 2,632,500 329,062.50
Subtotal 19,669,500 2,458,687.50
2. Administrative costs
(office facilities, utilities, communications,
shipping, transport, etc.)
DMN 15,436,800 1,929,600.00
FRA 2,563,000 320,375.00
Subtotal 17,999,800 2,249,975.00
3. Equipment, materials, supplies, and
subsistence/travel costs
DMN 3,500,000 437,500.00
FRA 13,637,263 1,704,657.88
Subtotal 17,137,263 2,142,157.88
4. Other ministries and agencies
Ministry of the Interior 800,000 100,000.00
ocCP 600,000 75,000.00
Royal Air Maroc 751,907 93,988.38
TOTAL 56,958,470 7,119,808.75

*Based on the 1983 DMN budget totals documented in Mr. E. Loken’s memorandum of June 6, 1989, and on the 1989

FRA totals for 5 years from Colonel Bamaarouf, June 1989.
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3.2 Program Management

The management structure of Programme Al Ghait was outlined in section 1.5 and is shown in
figure 3.1. The project was managed for the most part by Moroccans. All members of the National
Steering Committee (NSC), most members of the Project Steering Committee (PSC), and the
project director were GOM personnel.

The NSC was comprised of representatives of the different GOM ministries with interests in the
project, as follows:

Ministry of Transport (parent agency of DMN)

Ministry of Defense (parent agency of FRA)

Ministry of the Interior and Information

Ministry of Mines and Energy

Ministry of Equipment

Ministry of Agriculture

National Police Force (Gendarmerie Royale)

Ministry of Posts and Telecommunications

National Center for Coordination and Planning of Technical and Scientific Research.

The NSC met at least once a year to coordinate the different contributions and to solve any
problems that could not be solved by the PSC.

The PSC was comprised of four persons from GOM and two employees of the USG. The
Moroccan members were:

e A high-ranking officer of the FRA

e  The Director of DMN

e  Director of Programme Al Ghait (Chief of the Division of Research and Development
of DMN)

e  Deputy Director of Programme Al Ghait.

This group met biweekly or monthly to manage the project. They were authorized to make any
necessary changes in the project and solve major issues.

Day-to-day project management was provided by the project director. A deputy project director
was appointed in early 1987 to assist in this task.

3.3 Personnel and Services

In addition to the Moroccan managers mentioned in section 3.2, the GOM provided most of the
personnel required to carry out the project. Figure 3.2 shows the project organization as of 1987.
Most of the Al Ghait operating personnel were organized into four principal teams, with one or
more coordinators assigned to manage each team. Three of the teams consisted mainly of DMN
personnel, and the fourth team consisted entirely of FRA personnel. The functions of the four
teams are described in the following sections.
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3.3.1 Operations team. - The main role of the operations team was to coordinate, control, and
execute the various project operations. As figure 3.2 shows, the team was comprised of individuals
based at several locations. There were two coordinators and two operations directors in
Casablanca, as well as a number of scientists working in such areas as analysis of cloud pictures
obtained by satellite. The Khouribga center was normally manned by a station chief, three
operations directors, four air traffic controllers, five radar operators, and six weather observers.
An operations director and 15 ground generator operators were stationed at Azilal. There were
six rawinsonde operators at the Beni Mellal rawinsonde station. All of the members of the
operations team were DMN personnel except for the air traffic controllers at Khouribga, who
belonged to FRA.

3.3.2 Air Force team. - The Air Force team in Programme Al Ghait was led by an FRA
coordinator who was assigned full time in Casablanca to coordinate Programme Al Ghait aircraft
operations. Fifteen pilots and six mechanics were assigned to the team. They were based at
Kenitra to fly and maintain the project aircraft.

3.3.3 Maintenance and supply team. - The main job of the maintenance and supply team was
to install the project equipment and keep it in operation. The team leader and his deputy were
located in Casablanca. Two technicians were assigned full time to Kenitra to maintain the
instrumentation on the project aircraft, including the King Air outfitted for cloud physics
observations. Five technicians were assigned full time to maintain the radar and other facilities at
Khouribga. One technician was assigned full time to Beni Mellal to maintain the rawinsonde
station and its equipment. One technician was assigned full time to Azilal to maintain silver iodide
generators for ground-based operations and all equipment installed at the different ground
generator sites. Six other technicians were assigned to the maintenance and supply team on a part-
time basis. They were based in Casablanca and available to help 